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ABSTRACT

Sediment microbial community responses to elevated salinity are important in predicting
the effects of sea level rise as well as in understanding those communities that can thrive in
extreme environments. In this dissertation, I use natural and field experiments to investigate how
salinity influences microbiome structure in coastal wetlands. Through the use of amplicon
sequencing, I demonstrate that there are compositional differences between the microbiota of
four wetland salinity classes: limnetic, oligohaline, mesohaline, and polyhaline. These results
were reciprocated in a microcosm study exposing freshwater sediment to meso- and polyhaline
conditions, showing that communities shifted proportionally to the magnitude of salinity added.
Through assays of the activity of extracellular enzymes responsible for the degradation of
organic matter, decomposition rates were inferred to be higher in fresher marsh types across both
field and microcosm data. These results suggest that greater carbon storage in saltmarshes may
enable those marshes to accrue more sediment than freshwater marsh, allowing them to keep
pace with sea levels, potentially expanding saltmarsh area relative to fresh marsh. In contrast to
gradual salinification due to sea level rise, acute marsh inundation from tropical cyclone events
was also explored. Microbial community composition and activity were disrupted immediately
following storms, but recovered within one month, demonstrating that storm surge alone is
unlikely to shift wetland salinity regimes permanently. The microbiome of a saltpan, with
salinities regularly higher than seawater was also explored as a model for extremes of desiccation
ii

and osmotic stress. Understanding community tolerance of hypersalinity is important in the
search for life in extreme environments, even those encountered on Mars. I show that multiple
species from the saltpan community were able to survive Mars-relevant conditions, although the
addition of perchlorate salts that are prevalent on Mars was deleterious for growth. I demonstrate
that there are large compositional and functional differences between the microbiomes of
wetlands across large salinity gradients, from fresh to hypersaline. Characterization of these
differences will be important in predicting future coastal land cover, carbon storage, nutrient
cycling, and in understanding the boundaries of environmental habitability.
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CHAPTER I
INTRODUCTION

Overview
Microbial community responses to increased salinity are integral components of global
change biology and the ecology of extreme environments. Among the most pressing components
of climate change is sea level rise (SLR) which threatens to inundate some coastal areas and
significantly alter those areas which remain. Through field and laboratory assessment of the
effects of short and long-term SLR on coastal wetland microbiomes, this dissertation aims to
predict how saltwater intrusion will alter microbial diversity and function in coastal wetlands,
ecosystems that are likely to be among the most susceptible to SLR.
More frequent and intense tropical cyclones are another effect of changing climate, and
represent an additional stressor to coastal wetland resilience. Severe storms may be a tipping
point for the transition of freshwater marsh to saline marsh, as well as for marsh subsidence more
generally. Here, microbiome composition and activity were monitored in a freshwater marsh
before and after flooding associated with tropical storms and hurricanes. It was predicted that if
flooding did represent a lasting regime shift, the contrasts seen between natural fresh and
saltmarsh and the changes observed in response to experimental salinification would be
reciprocated naturally after storm events.
Hypersaline environments, or those with salinities higher than ocean water, contain
1

unique microbiota with specific adaptations to osmotic stress. Such extreme environments have
been used as analogs for exploring the possibility of life outside Earth, with potentially habitable
conditions observed on Mars within brines that have been observed in the shallow subsurface
and ephemerally at Mars’ surface. In this project, microbial communities isolated from
hypersaline wetlands were assessed for their ability to survive Mars-relevant conditions,
shedding light on what species we might expect to find on Mars, as well as revealing which
Earth microbes may be able to invade extraterrestrial environments.
Through a combination of natural and microcosm experimentation, the responses of
sediment Archaeal and Bacterial microbiomes to perturbation with increased salinity were
examined in several contexts. In Chapter II, wetlands of different natural salinities along the U.S.
Gulf and Atlantic coasts were surveyed for their composition, and projections for how the
microbiome might change as saltier marshes migrate inland were derived from correlations
between microbiome dynamics and salinity level. Chapter III aims to further these predictions by
exposing freshwater marsh sediment to salinities typical of brackish and saltmarsh. The
combination of these approaches addresses the effects of sea level rise through both space and
time. In Chapter IV, those sediments from the previous chapters were assayed for their
decomposition activity by measuring the activity of enzymes responsible for the breakdown of
carbon, nitrogen, and phosphorus in organic matter. The rates of organic matter decomposition in
wetlands are critical measures for whether wetlands can build sediment to keep pace with SLR,
as well as for how much of the greenhouse gasses carbon dioxide and methane are released into
the atmosphere. Chapter V addresses marsh inundation through storms rather than long-term
SLR. Its aim is to show whether storm surge may represent a tipping point, potentially switching
a freshwater marsh into a state more typical of brackish marsh in a single event rather than
2

through the slow progress of SLR. Finally, in Chapter VI, a hypersaline saltpan wetland was
explored as an analog for Martian soil. Microbes from saltpan sediment were grown on
simulated Mars regolith and exposed to Mars-relevant atmosphere, salinity, hydration, and
temperature and monitored for survival, as well as compositional and functional change.
Across each of the chapters in this dissertation, microbial community structure was
described using 16S rRNA amplicon sequencing. Changes in microbiome activity were inferred
through assay of extracellular enzyme production. Metagenomic functional inference was also
performed by matching marker gene sequencing profiles to databases of reference genomes.

Global Sea Level Rise and the Microbial Ecology of Coastal Wetlands
Global mean sea-level rise is projected to be 0.6-1 m before 2100 (Nicholls and
Cazenave, 2010, Narem et al., 2018). These estimates are closely matched by both tidal gauges
and satellite altimetry data (Hay et al., 2015). The melting of land ice and the thermal expansion
of ocean water are the main drivers of this increase in sea-level (Hinkel et al., 2014). As seawater
intrudes into coastal wetlands, saltwater marshes will begin to migrate landward, replacing
brackish and fresh marshes and potentially tidal forests as well (Figure 1, Craft et al., 2009). It
has been shown that saltwater wetlands have lower rates of carbon sequestration and nutrient
accumulation than either brackish or freshwater wetlands (Craft et al., 2009) but more data is
needed on the habitat transition process. In addition to the rate of SLR, the fate of coastal
wetlands will be determined by the lateral space to which wetlands can migrate and the rate of
accretion, or vertical building of sediment (Spencer et al., 2016). Under circumstances where the
rate of SLR exceeds the rate of accretion, or where habitat migration is blocked by human

3

Figure 1. Graphical depiction of the process of marsh migration. As a result of SLR,
saltmarsh will migrate landward, pushing brackish marsh into areas formerly occupied by
fresh marsh, potentially leading to the collapse of freshwater marsh types. Typical marsh
macrophytes at different salinity levels in the sites summarized in this dissertation are
shown at the bottom. Photo credit: USDA Agricultural Research Service.
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developments, wetlands may be converted directly to open ocean (Craft, 2012). The
development of the oxygen depleted “Dead Zone” in the Gulf of Mexico is correlated with
nutrient loading in the Mississippi River (Rabalais, 2011) and continued loss of wetland area and
function in response to SLR may worsen the extent and duration of this hypoxia.
The effect of climate change on wetlands is not limited to long-term sea-level rise.
Warming temperatures are also expected to increase the frequency and intensity of storms,
including hurricanes that could impact Gulf and Atlantic coastal wetlands (Knutson et al., 2010).
Wetlands are valued for their storm surge buffering (Barbier et al., 2013), but storm stresses have
more severe impacts on freshwater wetlands than saltwater wetlands (Howes et al., 2010). This
suggests that more frequent hurricanes could stimulate the transition of wetlands from freshwater
to saltwater, the ecological impact of which is not yet clear. This research aims to clarify some of
these issues.

Hypersaline Environments as Analogs for Astrobiology
Microbial community and functional adaptation to high salinity is also a central research
area in the emerging field of astrobiology. Recurring slope lineae (RSL) are narrow, dark streaks
which have been observed extending down peaks near the Martian equator and in the southern
mid-latitudes (Figure 2, Ojha et al., 2015). One hypothesis for the formation of these features is
the presence of a subsurface aquifer that recharges brine flows. This is supported by the
observation that RSLs appear during the southern hemisphere summer when surface
temperatures reach 25°C and disappear during the winter when average temperatures fall well
below 0°C (Stillman et al., 2014). Transient wetlands on Mars could theoretically persist for
more than half the Martian year (490 ± 40 days out of the 687 day Martian year), flowing when
5

surface temperatures are above freezing, slowing when ice forms at the groundwater:surface
interface, and sublimating away until the next season’s thaw (Stillman et al., 2016). Orbiting
spectral instruments have yet to detect liquid water, and an alternative hypothesis is that flows of
Martian regolith are responsible for RSLs, although this theory cannot account for the
seasonality of the flows (Dundas et al., 2017). A third possibility is that hydrated salts could
form RSLs by the process of deliquescence (absorption of atmospheric water vapor by salts) or
by melting ground ice (Johnsson et al., 2014, Nuding et al., 2014, Wilson et al., 2018). It is likely
that during the Noachian period on Mars (~4.5 – 3.8 bya), surface water was abundant across the
planet and could have been rapidly colonized by microbial life, as occurred on Earth. As Mars
lost its atmosphere, it also lost most of its liquid surface water. The only currently habitable
environments remaining on the planet would be within hygroscopic salts which have eutectic
temperatures that could sufficiently depress the freezing point of water to keep salts hydrated for
long periods on modern-day Mars (McKay et al., 2013, Villanueva et al., 2015, Davila and
Schultze-Makuch, 2016).

6

Figure 2. Mars Reconnaissance Orbiter images taken of Palikir crater on Mars in 2011 and
2013. The red arrows point to phenomena referred to as RSL which appear to flow down
crater walls. A potential explanation for these features is flowing brine water. Photo credit:
jpl.nasa.gov.
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The unusual hydrology of a Martian brine, experiencing seasonal drying-rewetting
cycles, is rarely seen in terrestrial environments. One potential analog is the saltpan, a
hypersaline wetland that alternates between ephemeral saturation during storm tides, salinity
amplification, and desiccation when surface water evaporates (Figure 3). Previous experiments
support halophiles’ ability to survive freeze-thaw and drying-rewetting cycles, but have focused
on only one or a few isolates, rather than observing the whole-community dynamics of a natural
Mars analog (Crisler et al., 2012).

Objectives for this Dissertation
To address some of the areas of need described above, this dissertation set out with four
main objectives:
•

Objective 1. To characterize the bacterial community of tidal wetlands of the salinity
classes freshwater, intermediate, brackish, and saline on the Gulf and Atlantic coasts of
the southeastern United States.
o Results described in Chapters II and IV

•

Objective 2. To determine how wetland microbial community composition and function
respond to altered salinity and nutrients. To predict how SLR and eutrophication will
affect sediment enzyme activity in tidal wetlands and how that will affect nutrient
cycling.
o Results described in Chapters III and IV

•

Objective 3. To determine the effect of a storm-generated pulse of flood water on the
structure and enzymatic activity of a freshwater coastal wetland microbiome. To
8

Figure 3. The ephemeral, hypersaline saltpan wetland sampled in June and October, 2018,
before and after flooding from a tropical storm (left). A seasonal RSL at the Mars’ equator
in the dry and flowing state (right). Photo credit: jpl.nasa.gov.
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determine the recovery time of the community to assess the temporal effect of storms on
coastal microbiota.
o Results described in Chapter V
•

Objective 4. To use the saltpan microbiome as an extreme environmental analog for
Martian soil. To determine the viability of terrestrial halophiles in Mars-relevant
conditions.
o Results described in Chapter VI

10

CHAPTER II
BIOGEOGRAPHIC CHARACTERIZATION OF COASTAL WETLAND MICROBIOMES
REVEALS A STRONG BUT NON-LINEAR EFFECT OF INCREASING SALINITY

Abstract
As sea-level rise progresses, saltwater intrusion into coastal wetlands is likely to be a
critical driver of sediment bacterial composition and activity. Previous studies of the effects of
sea-level rise on the wetland sediment microbiome have relied on experimental or long-term
monitoring approaches, while little attention has been given to large-scale biogeographic
characterization, particularly between wetland salinity classes. Here, I describe the sediment
microbiota of 22 sites across 2,000 km of the Gulf and southern Atlantic coasts of the United
States, spanning salinity levels from fresh to fully saline. A space-for-time substitution approach
was used to characterize the influence of salinity on wetland sediment microbiota and the degree
to which salinity differences affect community assembly at different spatial scales. I determined
that salinity was the dominant factor driving community composition and explained more
variability than any other chemical or spatial variables. Most importantly, salinity had a nonlinear relationship with microbiome composition, with most community disruption occurring
between pure fresh and brackish conditions. Thus, even small changes in salinity associated with
sea-level rise will likely have major impacts on the bacterial community in coastal low-salinity
marshes.
11

Introduction
Coastal wetlands provide a number of critical ecosystem services including storm
buffering, carbon sequestration, and uptake and transformation of nutrients from rivers (Kirwan
and Megonigal, 2013). However, these habitats are increasingly threatened by saltwater intrusion
which may alter their structure and function or inundate them completely (White and Kaplan,
2017). Sea-level rise (SLR), as a consequence of warming oceans and melting land ice, is
projected to be 0.6-1.0 m before 2100 (Nicholls and Cazenave, 2010, Nerem et al., 2018). As
seawater intrudes into coastal wetlands, saltwater marshes will begin to migrate landward,
potentially replacing brackish, intermediate, and fresh marshes (Craft et al., 2009). Salt marsh
migration may be prevented in areas where the rate of sea-level rise exceeds the rate of soil
accretion and in places where marshes are bounded by human developments (Craft, 2012),
potentially leading to complete loses of wetland area to open ocean. Carbon storage and nutrient
cycling in coastal wetlands are processes largely mediated by the bacterial community
(Megonigal & Neubauer, 2019) and it is uncertain how saltwater intrusion will affect the
bacterial community composition of marshes or their activity. Given the functional importance
of the wetland sediment microbiome, surprisingly few studies have elucidated the composition of
the coastal bacterial community, with a particular need for assessing differences between
wetlands at different salinities.
The potential for elevated salinity to alter wetland bacterial diversity has been
demonstrated through experimental (Franklin et al., 2017, Dang et al., 2019) and long-term
monitoring approaches (Dini-Andreote et al., 2014). Sediment microbiome composition has also
been shown to differ between salt and brackish marsh vegetation (Rietl et al., 2016) as well as
12

along salinity gradients (Li et al., 2018). However, each of these approaches is limited in their
range of both scale and salinity, leading to low coverage of wetlands in bacterial databases (Lv et
al., 2014) and limiting the forecasting strength as applied to the diverse assemblages of coastal
wetlands threatened by sea-level rise. Understanding sediment bacterial variability along the
gradient from fresh to saltmarsh will be important in predicting the changes that occur as
saltmarsh overtakes fresher marshes, with need for deeper characterization of bacterial
community assembly across broad geographic and salinity scales.
Here, I characterize wetland sediment bacterial communities from 22 wetlands at 13
locations along the Gulf and southern Atlantic coasts of the United States. These sites span more
than 2,000 km of coastline with salinities spanning fully fresh to saltmarsh. I show that (i)
salinity is a significant and consistent driver of wetland sediment bacterial composition, (ii)
differences in bacterial diversity increase most sharply with initial salinity increase, as between
fully fresh marsh and brackish conditions, and (iii) these differences are still clear at small
geographic scales even with minor contrasts in salinity. I propose this space-for-time approach to
modeling saltwater intrusion as a way to predict bacterial successional patterns as marsh
migration progresses. This method considers both geographic variability and local geochemistry,
each shown to predominate microbial assembly in different soils (Fierer & Jackson, 2006,
Lauber et al., 2009, Bay et al., 2020), and which are largely unaccounted for in current
approaches to predicting the sediment effects of sea-level rise.

Methods
22 wetlands spanning 13 locations along the Gulf and southern Atlantic coasts of the
United States were sampled between June 14 and June 29, 2018 (Figure 4). The locations and
13
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Figure 4. Twenty-two sites were sampled from 13 locations along >2,000 km of the U.S.
Gulf and Southern Atlantic coast. At each site, five sediment cores were collected and
bacterial DNA was extracted and sequenced from the surface and root-depth of each core
separately. Samples were collected between June 14 and June 29, 2018. At 9 of the 13
locations, sediment was collected from two sites at different salinities. Wetland salinity
class (fresh, intermediate, brackish, salt) of each site is indicated in the map insets.

sampling dates were near Cocodrie, LA (6/14 and 6/15), New Orleans, LA (6/15), Moss Point,
MS (6/18), Weeks Bay, AL (6/18), St. Marks, FL (6/19), Apalachicola, FL (6/20), Cedar Key,
FL (6/21), St. Augustine, FL (6/22), Darien, GA (6/23), Charleston, SC (6/25), Wilmington, NC
(6/27), Morehead City, NC (6/28) and Gloucester Point, VA (6/29). With the exception of New
Orleans, St. Augustine, Darien, and Charleston, two separate wetlands, under different salinity
regimes, were sampled at each location. The difference in salinity between the lower and higher
salinity plot ranged from 2.9 ppt at Gloucester Point to 30.1 ppt at St. Marks (Table 1). Sites
were classified by their salinity (Howes et al., 2010, Poffenbarger et al., 2011) with fresh marsh
(limnetic, <0.5 ppt) represented by five sites, intermediate marsh (oligohaline, 0.5-5 ppt)
represented by seven sites, brackish marsh (mesohaline, 5-18 ppt) represented by three sites, and
saltmarsh (polyhaline, >18 ppt) represented by seven sites.

Sample Collection
At each site, five sediment cores were taken from randomly chosen locations within the
marsh. Coring locations avoided direct vegetation contact wherever possible or were taken from
beneath only a single species at a site to reduce confounding effects of plant association.
Sediment cores were 30 cm deep to collect sediment from both the surface of the marsh soil and
from the depth of typical marsh vegetation roots (Weiss et al., 2003). Before collection of each
core, the corer was wiped free of loose sediment, rinsed with on-site water, and sterilized with
70% ethanol. Subsamples were taken from both the top and the bottom of each core and stored in
sterile 50 mL centrifuge tubes. Tubes were stored on ice until return to the laboratory and were
processed in the order that they were collected, with time between collection and processing
ranging from 19 to 22 days. Site pH, salinity, and water temperature were recorded in the field
15

Table 1. Sediment physicochemical parameters and site coordinates of each of the 22 wetland sites
surveyed for bacterial composition. For locations listed twice, samples were collected from two
proximate subplots to determine the effects of site chemistry at minimal geographic scale. Salinity,
pH, and water temperature values were determined at the time of sediment collection from bulk
surface water. Dominant vegetation genera were determined from site photographs taken at the
time of collection.

Plot
#

Location

Latitude

Longitude

Classification

Salinity
(ppt)

pH

Water Temp.
(°C)

Dominant
Vegetation

1

Cocodrie, LA

29.33139

-90.69028

Fresh

0.0

--

27.4

Spartina

2

Cocodrie, LA

29.254934

-90.662146

Brackish

8.0

--

29.3

Spartina

3

New Orleans, LA

30.05833

-89.79194

Intermediate

1.2

--

26.9

Spartina

4

Moss Point, MS

30.428997

-88.431546

Intermediate

0.5

7.78

30.2

Juncus

5

Moss Point, MS

30.37222

-88.40556

Brackish

17.6

5.97

29.1

Juncus

6

Weeks Bay, AL

30.417349

-87.828499

Intermediate

1.3

7.13

31.0

Phragmites

7

Weeks Bay, AL

30.3778

-87.83778

Intermediate

4.8

6.76

30.6

Phragmites

8

Apalachicola, FL

29.755

-85.00333

Fresh

0.1

8.70

28.9

Phragmites

9

Apalachicola, FL

29.62861

-85.09056

Salt

23.5

6.10

29.3

Spartina

10

St. Marks, FL

30.09861

-84.14806

Intermediate

1.8

7.11

34.0

Spartina

11

St. Marks, FL

30.107309

-84.260337

Salt

31.9

5.91

33.6

Spartina

12

Cedar Key, FL

29.19444

-83.0

Intermediate

0.8

7.27

32.3

Phragmites

13

Cedar Key, FL

29.171337

-83.025477

Salt

19.5

5.67

28.8

Spartina

14

St. Augustine, FL

29.762475

-81.264453

Salt

32.9

5.79

34.8

Spartina

15

Darien, GA

31.33944

-81.46722

Fresh

0.0

7.83

29.8

Zizaniopsis

16

Charleston, SC

32.751719

-79.897581

Salt

38.8

5.54

36.5

Spartina

17

Wilmington, NC

34.135

-78.00389

Fresh

0.1

8.28

28.0

Spartina

18

Wilmington, NC

34.06296

-77.88649

Salt

19.7

5.54

29.0

Spartina
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Morehead City, NC

34.75389

-76.76111

Brackish

9.0

6.06

39.7

Spartina

20

Morehead City, NC

34.70028

-76.83056

Salt

26.0

5.47

35.4

Spartina

21

Gloucester Point, VA

37.52944

-76.88694

Fresh

0.1

7.80

24.4

Typha
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Gloucester Point, VA

37.415258

-76.714539

Intermediate

3.0

6.60

29.2

Zizaniopsis
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using a YSI model 30 handheld conductivity meter and a YSI model 60 handheld pH and
temperature meter (YSI Inc, Yellow Springs, OH).

Bacterial DNA Extraction and Sequencing
DNA was extracted from each core subsection using a Qiagen DNeasy PowerSoil kit
(Qiagen, Germantown, MD) following the standard protocol with the addition of a 10 min
incubation at 70°C prior to bead-beating. The V4 region of the bacterial 16S rRNA gene was
amplified using dual-indexed barcoding and the primers and procedures of Kozich et al. (2013).
Briefly, extracted DNA (1 µl) was combined with 1 µl of each barcoded primer (10 µM
concentration) and 17 µL of AccuPrime Pfx SuperMix (Life Technologies, Carlsbad, CA)
(Kozich et al., 2013, Stone & Jackson, 2016). PCR reactions followed the protocol: 95°C hot
start for 2 min, 30 cycles of 95°C (20 s), 55°C (15 s), 72°C (2 min), followed by a final
elongation at 72°C for 10 min (Stone & Jackson, 2016). Amplicon concentration was normalized
using a SequalPrep Normalization Plate Kit (Life Technologies, Carlsbad, CA). Final pooled 16S
rRNA gene fragments were sequenced using 251 x 251 PE reads on the Illumina MiSeq platform
at the Molecular and Genomics Core Facility of the University of Mississippi Medical Center
(Jackson, MS, USA).

Sequence Data Processing
Raw Illumina sequence data (FASTQ files) was processed using version 1.44.1 of the
mothur bioinformatics software package (Schloss et al., 2009) following the pipeline suggested
by Schloss et al. (2011) and Kozich et al. (2013). Sequences were aligned against release 132 of
the Silva database (Quast et al., 2013) and classified against version 16 of the Ribosomal
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Database Project (RDP) (Maidak et al., 2000). Chimeras and sequences identified as
chloroplasts, mitochondria, Archaea, and Eukarya were removed from the dataset, as were
sequences not identified at the kingdom level. One sample, a replicate of saltmarsh from
Morehead City, NC was represented entirely by filtered sequences and was excluded from
downstream analysis. Remaining sequences were grouped into operational taxonomic units
(OTUs) by 97% similarity. 64,349 sequences (1.8% of total data) were represented by only a
single copy (singletons) and were removed. For beta-diversity calculations, samples represented
by fewer than 1,000 sequences (15 total samples) were removed from downstream analysis.
Alpha diversity was calculated separately on a subsampling of groups represented by >3,000
sequences to increase sample coverage while retaining each environmental condition for
analysis.

Statistical Analysis
Differences in major phyla and genera abundances by salinity were calculated with
MANOVA. ANOVA was used to calculate the effects of salinity, water temperature, pH, and
vegetation cover on species richness and diversity. Sample richness was measured using the
absolute number of unique OTUs (Sobs) and diversity was measured using the inverse Simpson
metric. Both measures of alpha diversity were regressed against site salinity to determine the
significance and proportion of variance in sample diversity explained by salinity. A locally
estimated scatterplot smoothing (LOESS) was used to regress alpha diversity and salinity to
estimate a k-nearest neighbor moving average. Beta-diversity was estimated using both the BrayCurtis metric, based on OTU relative abundance, and the Jaccard metric, based on presenceabsence. PERMANOVA, using the adonis2 command in the vegan package (Oksanen et al.,
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2007), was used to calculate the effects of wetland salinity class, absolute salinity, depth, water
temperature, pH, vegetation cover, latitude, longitude, and coast (Gulf or Atlantic) on the BrayCurtis dissimilarity matrix. A pairwise PERMANOVA, using the pairwise.adonis command
(Martinez Arbizu, 2017), was used to determine which wetland salinity classes differed
significantly according to Bray-Curtis dissimilarity. Each dissimilarity matrix was visualized
using NMDS and the metaMDS command in vegan with a maximum of 500 random starts. A
stable solution was reached after 28 tries with a 2D stress score of 0.122 based on the BrayCurtis matrix and after 45 tries with a 2D stress score of 0.110 based on Jaccard. The group
centroids for each discrete salinity value in the Bray-Curtis NMDS plot were calculated using the
scores command in vegan. Gamma diversity, summarizing alpha and beta diversity at each of the
four wetland salinity classes, was calculated using the d function in the vegetarian package (Jost,
2007). Changes in the relative abundances of major OTUs were used to cluster each of the
wetland salinity classes using Euclidean distance. The hierarchical clustering was reinforced, as
adapted from Yu et al. (2020), by determining which OTUs differed significantly between
wetland classes using Metastats (White et al., 2009) which employs non-parametric t-tests
between groups and LEfSe (Segata et al., 2011) which combines a non-parametric factorial
Kruskal-Wallis rank-sum test, pairwise tests using a Wilcoxon rank-sum test, and LDA to
estimate effect size. Wetland salinity classes were further clustered by the normalized Euclidean
distances of sulfate reducing bacteria (SRB) relative abundance. A two-way ANOVA of absolute
salinity level and wetland classification with average SRB relative abundance, along with a
linear regression of SRB relative abundance across salinity levels were performed. MANOVA of
the relative abundances of specific SRB taxa with salinity was used to show which taxa were
most affected by salinity. The relative abundances of sequences identified at the family level
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across salinity levels were normalized and visualized with heatmaps. Summary heatmaps and
dendrograms were constructed using the pheatmap package (Kolde & Kolde, 2015). All plots
were generated in R version 4.0.2 using ggplot2 (Wickham, 2016). Site maps were created using
Landsat 7 imagery and ArcGIS (Esri, Redlands, CA, USA).

Results
Coastal Wetland Microbiome Summary
3,627,594 total sequences and 474,497 unique sequences were retained for downstream
analysis from 22 wetland sites. Sequence counts per sample ranged from 1,033 to 143,509 with a
mean of 16,640. Sequences clustered into 76,889 OTUs, each represented by at least two
sequences, and averaging 47 sequences per OTU. Sequences classified as bacteria but not
assigned to a phylum made up 30.6% of the total sequences. Of the sequences classified to
phylum level, >97.5% were classified as eleven phyla: Proteobacteria (47.0%), Chloroflexi
(12.7%), Bacteroidetes (11.7%), Acidobacteria (10.1%), Planctomycetes (4.7%),
Verrucomicrobia (4.6%), Firmicutes (2.7%), Ignavibacteriae (1.6%), Actinobacteria (1.5%),
Fusobacteria (0.7%), and Spirochaetes (0.5%, Figures 5A and 5B). Proteobacteria, Bacteroidetes,
Planctomycetes, and Spirochaetes were all positively correlated with salinity while
Acidobacteria and Verrucomicrobia were negatively associated with increased salinity (p<0.001
for all).
558,030 sequences (15.4% of the total) were classified to the genus level. 933 unique
genera were represented in those classified sequences, with 22 genera comprising at least 1.0%
of the total genus-level sequences each, or 52.7% total (Figures 5C and 5D). The most abundant
were Clostridium (5.2%), Sulfurimonas (4.9%), Desulfatiglans (4.9%), Ignavibacterium, and
20
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Figure 5. Relative abundances of dominant sediment bacterial phyla and genera from 22
wetlands along the U.S. Gulf and Atlantic coasts. (A) Relative abundance of the 11 most
abundant bacterial phyla. Percentages were determined from a total of 2,519,353 partial 16S
rRNA gene sequences identified to the phylum level, and represent >97.5% of the classified
sequences. (B) Relative abundance of the 11 most dominant bacterial phyla recovered from
each sample and separated by wetland salinity type (fresh, intermediate, brackish, salt).
Absolute salinity values for each sample are bracketed at the top of the figure. (C) The 22
most abundant bacterial genera among sequences that could be identified to that level
(558,050 sequences). Each of the represented genera accounted for ≥1% of the sequences
classified at the genus level and together accounted for 52.7% of all genera-classified
sequences. (D) Relative abundances of the 22 most dominant genera recovered from each
sample. Wetland salinity classes and values are represented as in panel B.
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Robiginitalea (4.4%). Sulfurimonas (p=0.001), Robiginitalea (p<0.001), Sulfurovum (p<0.001),
Psychrilyobacter (p<0.001), Robertkochia (p<0.001), Psychromonas (p=0.01), Arcobacter
(p=0.003), Haliea (p<0.001), Litorilinea (p<0.001), Halochromatium (p<0.001), Rhodopirellula
(p<0.001), Caldithrix (p<0.001), and Blastopirellula (p<0.001) were each more prevalent at high
salinity. Clostridium (p<0.001), Ignavibacterium (p=0.02), Geobacter (p<0.001), Sulfuricurvum
(p<0.001), Sideroxydans (p<0.001), Pseudomonas (p=0.03), and Thiobacillus (p<0.001) were
more abundant at low salinity.

Alpha-Diversity
Salinity (p=0.002, F=10.4) had a significant effect on Simpson diversity, but did not
show a strong influence on observed species richness (Sobs, p=0.17, F=1.9). Plant species
(p<0.001, F=7.0) and water temperature (p=0.01, F=6.6) were the main determinants of bacterial
richness. Vegetation also had a significant effect on Simpson diversity (p<0.001, F=6.8), but
because the interaction with salinity was also significant (p<0.001, F=5.8), it was assumed that
salinity was a bottom-up driver of both the bacterial and plant communities. Linear regression
(Sobs: p=0.14, R2=0.007; Simpson: p=0.01, R2=0.03) showed a significant but low-magnitude
negative correlation between salinity and diversity and no relationship between salinity and
species richness (Figure 6).

Beta-Diversity
Bray-Curtis dissimilarity showed that site was a significant predictor of sediment
microbiome composition (p<0.001, R2=0.26) with significant interactions of site with salinity
(p<0.001, R2=0.08), water temperature (p<0.001, R2=0.20), and local vegetation (p<0.001,
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Figure 6. Linear regression of species richness (Sobs, A) and inverse Simpson diversity (B)
of partial bacterial 16S rRNA sequences extracted from coastal wetland sediments. LOESS
moving average are fitted in blue with 95% confidence intervals shaded. A linear model is
displayed greyed and dashed and was used to derive significance values and proportion of
variance explained. The effect of salinity on bacterial diversity was significant (p=0.01) but
the negative trend was weak (R2=0.03), while the effect of salinity on species richness was
non-significant (p=0.14).
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R2=0.02). With the site variable removed, salinity (p<0.001, R2=0.08) and vegetation (p<0.001,
R2=0.08) explained the most variability in microbial composition, but their interaction was
significant (p<0.001, R2=0.05), suggesting that, as with Simpson diversity, salinity was the
primary driver of both bacterial and plant community composition. Sediment depth (surface vs.
root zone, p<0.001, R2=0.02) and water temperature (p<0.001, R2=0.01) were also significant in
predicting microbiome composition but explained less variation than salinity. Latitude (p<0.001,
R2=0.05), longitude (p<0.001, R2=0.03), and coast (Gulf or Atlantic, p<0.001, R2=0.02) were all
significant factors, but also showed significant interactions with each edaphic variable, including
salinity.
There was clear separation of sediment samples by salinity in NMDS ordinations of both
Bray-Curtis (Figure 7A) and Jaccard (Figure 7B) dissimilarity matrices. In both ordinations, all
samples with a salinity >2.0 ppt clustered in the negative x-axis direction, separating distinctly
from fresher sediment samples. Each comparison of fresh, intermediate, brackish, and saltmarsh
was significant (p=0.006) and the comparison of fresh and saltmarsh showed the most
compositional difference (R2=0.148, F=19.8). The nine locations that had sediment samples
collected from two sites at different salinities also showed separation by salinity, regardless of
whether the salinity difference was large (St. Marks, FL, 30.1 ppt) or small (Gloucester Point,
VA, 2.9 ppt, Figure 8).
The distance between the centroids of each salinity value in the Bray-Curtis ordination
showed a maximum effect of salinity on microbiome composition around the transition of fresh
and intermediate salinity marsh (0 ppt – 2.0 ppt, Figure 9). Microbiome dissimilarity remained
high between representative samples up to ~5.0 ppt, the transition from intermediate to brackish
conditions. As salinity increased from 5.0 ppt to ~18.0 ppt, samples became more similar in
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Figure 7. NMDS ordinations of a Bray-Curtis (A) and Jaccard (B) dissimilarity matrix
representing all partial bacterial 16S rRNA sequences recovered from 218 wetland
sediment samples collected from the U.S. Gulf and Atlantic coasts. Ordinations were
performed using the metaMDS command in R with a maximum of 500 random starts.
Bray-Curtis ordination reached a stable solution after 28 tries (2D stress =0.122). Jaccard
ordination reached a stable solution after 45 tries (2D stress=0.110). Darker fill represents
higher salinity over a range of 0.0 ppt to 38.8 ppt.
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Figure 8. NMDS ordinations of a Bray Curtis dissimilarity matrix separated into nine
coastal wetland locations which had sediment bacterial samples (N=19-20 for each)
collected from 1 higher and 1 lower salinity site. Sediment bacterial composition of the
surface is represented with circles and sediment composition of the 30 cm subsurface (root
depth) is represented with squares. Lower salinity sites within each location (0.0 ppt – 9.0
ppt) are unfilled and the higher salinity sites (4.8 ppt – 31.9 ppt) are filled. The difference in
salinity between the two sites at each location is noted in parentheses above each frame.

27

Figure 9. Distances between the centroids of each discrete salinity value in a BrayCurtis dissimilarity matrix, as summarized in Figures 5 and 7, clustering partial bacterial
16S rRNA sequences extracted from coastal wetland sediment (N=218). The 18
increasing salinity values are plotted along the x-axis against the triangular distance
from the point at the previous salinity value (salinity of 0 is plotted at the origin). Points
were fitted with a LOESS smoothing with the 95% C.I. shaded.
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composition, indicating a reduced influence of increasing salinity until the minimum centroid
distance of 0.04 between the salinities 9.0 and 17.6 ppt. From this minimum, community
dissimilarity rose again through the saltmarsh regime.

Gamma-Diversity
There was a negative correlation between salinity and landscape-level (gamma) diversity,
with the values: fresh marsh (2,606.0 ± 9.3), intermediate marsh (3,082.6 ± 9.1), brackish marsh
(1,914.0 ± 10.4), and saltmarsh (2,292.5 ± 6.6). Based on the relative abundances of the top-25
OTUs identified at the genus level, the comparison of intermediate and brackish marsh was the
most dissimilar (Figure 10). This transition was driven by an increase in several sulfate-reducers,
including Desulfatiglans and Desulfosarcina (one Desulfatiglans, OTU 58, decreased in
abundance). Sulfate reduction had a strong correlation with salinity with OTUs assigned to the
families Desulfobacteraceae, Desulfobulbaceae, Desulfohalobiaceae, Desulfomicrobiaceae,
Desulfovibrionaceae, Peptococcaceae, and Syntrophobacteraceae increasing in relative
abundance as salinity increased (p<0.001, R2=0.37). The overall effect of salinity on sulfatereducer relative abundance was strong (p<0.001, F=38.1) as was the effect of wetland salinity
class (p<0.001, F=11.8). Increasing sulfate reduction replaced more diverse metabolic groups
such as Geobacteraceae, Methylococcaceae, and Syntrophaceae, which were confined to fresh
marsh sediment (Figure 11). At the genus level, sequences identified as sulfate reducers were
highly wetland class-specific, with ~80% of those genera specific to brackish and saltmarsh
(Figure 12).
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Figure 10. The 25 most abundant OTUs which were identified to the genus level from
bacterial V4 16S rRNA gene sequences recovered from coastal wetland sediment. Fill
color represents the change in OTU relative abundance between each transition of fresh
(<0.5 ppt), intermediate (0.5-5 ppt), brackish (5-18 ppt), and saltmarsh (>18 ppt).
Metastats and LEfSe analyses were used to determine which OTU differences were
significant and the greater of the two p-values was used (∗ = p<0.05, ∗∗ = p<0.01, ∗∗∗
= p<0.001). Euclidean distances were used to cluster both wetland class transitions and
OTUs. OTU number, displayed in parentheses, reflects rank-abundance in the sediment
bacterial sequence library.
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Figure 11. Normalized relative abundances of wetland sediment bacterial V4 16S
rRNA sequences identified to the family level. The 40 most abundant families
represented >85% of the total sequences identified to the family level. Darker fill
reflects greater normalized relative abundance across each salinity concentration
observed in 22 coastal wetland sites (A). Individual wetlands were also grouped into the
salinity classes fresh (<0.5 ppt), intermediate (0.5-5 ppt), brackish (5-18 ppt), and salt
(>18 ppt) and are displayed with normalized relative abundance averaged within each
class (B).

31

Figure 12. Normalized relative abundances of wetland sediment bacterial V4 16S rRNA
sequences identified as sulfate-reducing genera. 47,451 sequences were identified as sulfate
reducing genera (8.5% of all genus-level sequences). The sulfate-reducing families
Desulfobacteraceae and Desulfobulbaceae were the second and sixth most abundant
families in the wetland sediment sequence library and sequences identified to those families,
but not assigned to a genus are displayed as well. Euclidean distances were used to cluster
wetland salinity classes by sulfate-reducer relative abundance and taxa by relatedness.
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Discussion
The wetland sediment bacterial microbiome was strongly influenced by salinity. Salinity
as a driver of bacterial community composition clearly had a stronger effect than pH and water
temperature. Both abundance-based and presence-absence-based dissimilarity metrics showed a
steady shift in bacterial diversity between sites of progressively higher salinity with ordination
clustering fresh samples apart from those that ranged from intermediate to fully saline. The
strong influence of salinity on sediment bacteria has been previously observed experimentally,
with community composition diverging strongly from freshwater controls to elevated salinity
treatments (Jackson & Vallaire, 2009, Nelson et al., 2015, Neubauer et al., 2019). Strong
bacterial response to salinity has also been observed in constructed wetlands (Fu et al., 2019),
demonstrating the dominant influence of salinity even under artificially controlled conditions. A
similar effect observed here across a much larger area further supports salinity as the primary
driver of coastal wetland community assembly.
The influence of salinity was maintained even at fine spatial and concentration scales.
Eight of nine locations with two wetlands <20 km apart showed the same divergence pattern
between salinities as the full geographic data set. This effect was true regardless of the difference
in salinity between the two sites. Sites with small differences in salinity, such as Gloucester
Point, VA (0.1 ppt – 3.0 ppt) and Weeks Bay, AL (1.3 ppt – 4.8 ppt), showed very similar
patterns in sediment beta-diversity as sites with large differences in salinity, such as St. Marks,
FL (1.8 ppt – 31.9 ppt). This supports the findings of previous literature with smaller limits of
geographic and salinity variability (Lv et al., 2014, Morrissey et al., 2014, Li et al., 2018,
Neubauer et al., 2019) which all demonstrated large differences in bacterial composition by
salinity. Morehead City, NC (9.0 ppt – 26.0 ppt) did not fit the beta-diversity trend, likely due to
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it being the sole location without a fresh-to-intermediate salinity site. This is attributable to the
finding that salinity did not have a linear effect on sediment bacterial diversity, but rather
followed a curve with the influence of salinity having the strongest effect in fresh and
intermediate marsh (0 – 5.0 ppt), weakening in effect across the brackish domain (5.0 ppt – 18.0
ppt), and increasing again in the saline domain (>18.0 ppt) until, at the maximum observed
salinity value (38.8 ppt), the influence of salinity was nearly as strong as it was in fresh marsh.
Dissimilarity in the sediment microbiome showed that coastal wetland bacterial
communities generally followed the formal classification scheme of wetland salinity (Howes et
al., 2010, Poffenbarger et al., 2011). There was large community dispersion between fresh marsh
(<0.5 ppt) and intermediate marsh (0.5-5 ppt) with dispersion also increasing at the transition
between brackish (5-18 ppt) and saltmarsh (>18 ppt). This supports the notion of wetland salinity
classes as discrete landscape types (Smith et al., 2007, Craft et al., 2009, Weingarten et al., 2020)
and strongly supports the idea of saltwater intrusion as a potential regime shift (Junot et al.,
1983, Wan et al., 2015, Teh et al., 2019). Threshold responses to climate change have been
difficult to detect (Hillebrand et al., 2020) and only limited conclusions can be drawn from a
space-for-time approach, but I suggest that the transition points between fresh, intermediate,
brackish, and saltmarsh may represent tipping points beyond which sediment bacterial
communities are fundamentally different. This is especially true for freshwater wetlands
experiencing new saltwater intrusion, but increasing community dispersion as saltmarsh became
more saline suggests that potential ecological effects of saltmarsh salinization should not be
ignored.
The bacterial communities of the four wetland classes differed significantly and showed
large differences in both raw taxonomic and OTU relative abundance. 16S rRNA sequences
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indicative of taxa with diverse metabolisms, such as fermentation, iron reduction, and
methanotrophy were restricted to fresh conditions, while sulfate reduction predominated as
salinity increased. Increasing abundance of sulfate reducing bacteria (SRB) with SLR has been
demonstrated experimentally (Nelson et al., 2015) and I observed the same pattern here with a
field-based approach. Sulfate reducing bacteria have been implicated in plant toxicity (Munns &
Tester, 2008) and disruption of N and P cycling (Jordan et al., 2008, Neubauer et al., 2019) in
sulfate-rich saline wetlands, even being directly implicated in driving regime shifts between
wetland states (Hackney & Avery, 2015). Despite a net-increase in the prevalence of SRB at
higher salinity, the conventional notion that SRB are rare in fresher environments (Stagg et al.,
2017) was not fully supported. Instead, there was a succession of SRB genera, many of which
were favored exclusively in only one of the four wetland salinity classes.
The incorporation of a space-for-time (SFT) approach to predicting the effects of
saltwater intrusion complements prior experiments and long-term monitoring through the
inclusion of site properties that are not accounted for through other methods. Parameters such as
salinity, pH, and water temperature are staples of soil microbiome studies, but deterministic
and/or stochastic effects that are difficult to measure can only be modeled through the inclusion
of a diversity of habitat types. This is observable in the finding that “site” accounted for the
majority of microbiome variation and was greater than the sum of the specific effects examined,
including both chemical and geographic factors. Experimental and monitoring approaches have
clear advantages in elucidating temporal and functional information (Pickett, 1989), but SFT
may offer a way to ground-truth experimental findings, as attempted here with salinity.
The principal finding that patterns in beta- and gamma-diversity between wetland classes
are salinity driven and non-linear demonstrates the dominant effect that even modest saltwater
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intrusion can have on low salinity marsh communities. Large community dispersion at the
transition between fresh and intermediate marsh demonstrates that this threshold may represent a
tipping point in coastal wetland microbial ecology, with those communities differing
significantly despite minor differences in salinity. Sediment microbial dissimilarity favored
sulfate reducing taxa at higher salinities, which may generate phytotoxic hydrogen sulfide and
exert bottom-up pressure on the marsh ecosystem.

Conclusions
Through a space-for-time substitution model, I was able to demonstrate that salinity was
the overwhelming driver of sediment bacterial community composition across both very large
(>2,000 km) and small (<5 km) spatial scales. A survey of 22 wetland sites, spanning pure fresh
(0.0 ppt) to moderately hypersaline (38.8 ppt) showed a non-linear pattern in community
dissimilarity, with the greatest disruption observed between fresh and intermediate wetland
types. This may be an important consideration for wetland conservation and coastal nutrient
budgets as it implies that initial saltwater intrusion into fresh marsh likely presents a larger
disruption than further salinization of other wetland types. This effect should be considered in
experimental models which are bettered suited for predicting the functional results of salinitydriven community disruption. The taxonomic shifts I observed fit the traditional classification
scheme of wetlands as fresh, intermediate, brackish, and saline, and thus supports the notion of
saltwater intrusion and marsh migration as potential regime shifts. The divergence of community
composition at higher salinity levels was driven by increasing proportions of sulfate reducing
bacteria in the community. As SRB abundance is directly attributable to the availability of
sulfate-rich ocean water, I present the current findings as a strong predictor of future succession
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in coastal wetlands in response to sea-level rise.
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CHAPTER III
MICROBIAL COMMUNITIES IN FRESHWATER MARSH SEDIMENT SHIFT
PROPORTIONALLY TO THE MAGNITUDE OF SALTWATER EXPOSURE

Abstract
As sea level rise impacts coastal wetlands, saltmarsh will overtake freshwater marsh in
many areas, but changes in the sediment microbiome in response to saltwater intrusion are
difficult to predict. Freshwater marsh sediment in microcosms was exposed to ambient, brackish,
and saline conditions as well as to elevated nitrate and phosphate to model the combined stresses
of saltwater intrusion and coastal eutrophication. Initially, sediment bacterial and archaeal
composition was similar to prior studies of freshwater marsh but diverged over time
proportionally to the amount of salinity added. There was no observed effect of nutrient
amendment. Although the previously described loss of methanogenic populations and promotion
of sulfate reducers in response to saltwater exposure was observed, taxonomic distribution was
not similar to typical meso-polyhaline wetlands, representing instead a transitional microbial
community. Without colonization by marine taxa, such a community may be short-lived
naturally, ultimately equilibrating with more common saltmarsh species. However, such a
transitional community may be informative for freshwater marsh not adapted to salinity pulses as
marsh migration progresses.
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Introduction
Coastal wetlands are productive ecosystems at the interface of freshwater streams and the
ocean that are valued for storm buffering, nutrient remediation and conversion, carbon storage,
and as habitat for an array of endemic species (Barbier, 2013, Kirwan & Megonigal, 2013).
However, in areas where sediment buildup is slower than the rate of sea level rise, coastal
wetlands face an uncertain future, susceptible to inundation and eventual submergence (Craft et
al., 2012, Cahoon, 2015, White & Kaplan, 2017). In unobstructed areas where marshes can
migrate upstream, saltmarsh may overtake freshwater marsh, pushing freshwater marshes farther
inland (Craft et al., 2009, Kirwan et al., 2016). The ability of marshes to move inland is also
dependent on a sufficient upstream supply of sediment, which is often choked by damming and
diversion, and on a coastline geomorphology capable of diminishing wave action (Hopkinson et
al., 2012). If land is managed to allow for sufficient migration, it has been projected that global
wetland coverage may experience little change over the next century, or even produce gains
rather than losses (Schuerch et al., 2018). It is likely that any wetland area expansion would
favor saline wetland types, with an accompanying loss of fresher wetlands (Craft et al., 2009),
highlighting the importance of the transition process from freshwater marsh to saltmarsh.
The wetland carbon budget balances autochthonous and allochthonous inputs of organic
matter and outputs dissolved in outflow and as gasses generated primarily by microbial aerobic
respiration and archaeal methanogenesis (Villa & Bernal, 2018). Estuaries commonly represent
carbon sinks, storing more carbon than they release (Simpson et al., 2017). Freshwater wetlands
generally store more carbon than intertidal, higher salinity wetlands through greater sediment
accretion (Villa & Bernal, 2018). However, greenhouse gas emissions (CO2 and CH4) are often
higher in freshwater marsh, due to higher soil respiration rates and a greater abundance of
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methanogens (Chambers et al., 2013, Qu et al., 2019). Carbon cycling is mediated, in part, by
dissolved nutrients, with eutrophic conditions increasing respiration (Deegan et al., 2012).
Coastal eutrophication, primarily caused by elevated levels of nitrate and phosphate, is
remediated by the microbial nitrogen cycle and by plant-microbe-soil interactions which govern
the fate of phosphorus (Du et al., 2017, Ménesguen et al., 2018, Han et al., 2020). An increase in
the proportion of saltmarsh area relative to freshwater marsh may result in decreased rates of
C/N/P cycling (Jackson & Vallaire, 2009, Weingarten et al., 2020), but it is uncertain how these
processes depend on the composition of the sediment microbiome, or what successional
communities will develop in response to saltwater intrusion.
Changes in wetland sediment composition have been observed along salinity gradients
(Franklin et al., 2017, Li et al., 2018), through transplantation from fresh to brackish marsh
(Dang et al., 2019), through long-term monitoring of variable salinity (Dini-Andreote, 2014), and
from beneath plant species endemic to freshwater and brackish wetlands (Rietl et al., 2016).
Salinity-driven modification of the wetland microbiome has also been modeled by direct salinity
addition experiments (Jackson & Vallaire, 2009, Nelson et al., 2015, Neubauer et al., 2019).
Results from these studies reveal myriad changes to microbial composition, but a common trend
is an increase in sulfate reducing taxa, which may be a key process in the conversion of
freshwater wetland types to saline conditions (Hackney & Avery, 2015). A key question in this
conversion is whether changes occur in a continuous manner or as a regime shift, where
composition is unaltered until a critical threshold of salinity or some other biogeochemical
property is reached. Regime thresholds are difficult to detect in the climate change context,
owing to their inherently multivariate nature (Hillebrand et al., 2020). Saltwater intrusion and
marsh migration have been suggested as examples of regime shifts (Junot et al., 1983, Wan et al.,
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2015, Teh et al., 2019), but it is difficult to collect continuous salinity data from in situ
observations and those experiments that do introduce salinity continuously often do so with
necessary limits to either the range of concentrations considered or the duration of the exposure.
I used a microcosm experiment to inundate fresh marsh sediment with salinity at the level
of typical fresh (<0.5 ppt), brackish (5 ppt), and saltmarsh (20 ppt) systems. Treatments were
also amended with nitrate and phosphate, at levels which modeled ambient, moderate, and
extreme eutrophication levels for the Pascagoula River estuary where sediment was collected.
Microcosms were maintained for 100 days, with the sediment microbial community
characterized at the start, midpoint, and end, and compared to natural sediment in situ to
determine the effects of experimental saltwater intrusion and eutrophication on the wetland
sediment microbiome. Community disruption was primarily due to salinity rather than nutrient
exposure. The magnitude of community dispersion was proportional to the level of salinity
increase. Although I was able to recreate some common patterns observed in natural systems,
such as a proportional loss of methanogens and an increase in sulfate reducing bacteria, low
taxonomic levels departed from typical freshwater composition, and ultimately did not reflect
typical brackish or saltmarsh communities. Thus, wetland microbial succession following
saltwater intrusion may go through a transitional state rather than a direct change from fresh to
meso-polyhaline composition.

Methods
Sample Collection
A freshwater marsh located within the Grand Bay National Estuarine Research Reserve
near Moss Point, MS, USA, was the source of sediment and water for the microcosm
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experiment. Bulk sediment was collected on October 17, 2019 from the surface down to root
depth (~30 cm deep) with an ethanol-sterilized shovel. Sediment was collected as a 1:1 mixture
from beneath Cladium jamaicense and Juncus roemerianus, which are patchily distributed
throughout the site (Figure 13). Sediment was mixed on-site in a bleach-sterilized plastic bucket,
which was then covered and returned to the lab at ambient temperature. Bulk surface water was
collected from directly above where sediment was removed, stored in a bleach-sterilized carboy,
and returned to the lab at ambient temperature. Surface water was collected from the site two
additional times through the duration of the experiment for the purpose of maintaining
microcosm water levels. Water conditions at the times of collection were: 0.7 ppt salinity/20.9°C
(experimental days 0-20), 5.4 ppt salinity/16.2°C (days 20-50), and 1.2 ppt salinity/19.3°C (days
50-100). Water salinity and temperature were recorded in the field with a YSI model 30 salinity
probe (YSI Inc, Yellow Springs, OH).

Microcosm Establishment and Experimental Parameters
Autoclaved 600 ml beakers were filled with 200 ml of mixed sediment and 200 ml of
site-collected water and covered with translucent cheesecloth to reduce airborne contamination
but allow some light penetration. Microcosms were kept in an incubator at ambient temperature
and provided light with a full-spectrum LED fixture (Feit model GLP24FS) on a 12 h cycle.
Temperature was monitored and fluctuated diurnally between 20°C and 30°C.
All microcosms were initially provided with untreated, site-collected water for a period
of 20 d to allow acclimation to incubator conditions. Microcosms were subsequently amended
with three levels of salinity: +0 ppt, +5 ppt, +20 ppt; three levels of nitrate: +0 mg/L, +5 mg/L,
+50 mg/L; and three levels of phosphate: +0 mg/L, +0.2 mg/L, and +5 mg/L. All treatment
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Figure 13. Photograph of the location where fresh marsh sediment was collected on October
17, 2019. Site is within the Grand Bay National Estuarine Research Reserve near Moss Point,
MS, USA. Light brown vegetation (center) is Cladium jamaicense and darker vegetation
(foreground, left and background, right) is Juncus roemerianus. Sediment was collected in
each patch equally for the establishment of the microcosm experiment, as well as again on
experimental day 84. Overlying surface water was collected commensurate with sediment and
treated in the lab with the appropriate additions of salinity, nitrate, and phosphate.
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conditions were applied to the site-collected water and were additive to field conditions. On all
collection dates, site-collected water nitrate was <5.0 mg/L and phosphate was <0.25 mg/L.
Nitrate was added as NH4NO3 and phosphate as KH2PO4 (Jackson & Vallaire, 2009). Salinity
treatment levels were the generally-used thresholds for freshwater, brackish, and saltmarsh types
(Howes et al., 2010, Poffenbarger et al., 2011), while nutrient values were chosen to reflect
minimal, moderate, and high levels of eutrophication in the northern Gulf of Mexico (Mackenzie
et al., 2002, Sprague et al., 2011, Henson et al., 2018). This represents a 3x3x3 factorial design
with 27 treatment levels and three replicates of each treatment. Water was decanted and replaced
with freshly treated water on days 20 and 50.

DNA Extraction, 16S rRNA Gene Amplification, and Sequencing
Following the 20 d acclimation period, 0.25 g of sediment was taken from each
microcosm, and a further 0.25 g was collected from each microcosm on experimental days 50
and 100. At each sampling point, beakers were uncovered, water poured off, and sediment mixed
with a sterile spatula prior to sampling. DNA was extracted from each sample using a Qiagen
DNeasy PowerSoil Kit (Qiagen, Germantown, MD). DNA was also extracted from five sediment
samples collected directly from the field prior to dispensing to beakers, as well as from five field
samples collected on experiment day 84 to reflect natural changes in composition commensurate
with the duration of the experiment. DNA was also extracted from field-collected water on days
0 and 84 after passing 100 ml water through a 0.2 µ filter which was then placed in a bead tube
and extracted following the same protocol as sediment.
PCR amplification and sequencing followed the previously published protocol for
wetland sediment in Weingarten et al. (2020). Briefly, following extraction the V4 region of the
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16S rRNA gene was amplified using dual-indexed barcoding with the primers and procedures of
Kozich et al. (2013). Sequencing was performed on the MiSeq platform at the Molecular and
Genomics Core Facility of the University of Mississippi Medical Center (Jackson, MS, USA)
using 251x251 PE reads.

Sequence Data Pipeline and Generation of Amplicon Sequence Variants (ASVs)
Illumina sequencing data was processed using DADA2 (Callahan et al., 2016) and
adapted from version 1.16 of the published SOP. Forward reads were trimmed at 240 bp and
reverse reads at 200 bp, with a minimum length of 175 bp to maintain quality scores of ~30+.
Reads were pooled to preserve high resolution of rare taxa that may be particularly sensitive to a
microcosm experiment (Li et al., 2019). Chimeras as well as merged sequences longer than 256
bp or shorter than 250 bp were removed. ASVs were classified against training set 18 of the RDP
database (Maidak et al., 2000). The final ASV table was rarefied to 5,000 sequences.

Metagenomic Inference
The Piphillin metagenomic prediction algorithm (Version 7.0, Iwai et al., 2016) was used
to infer potential functional changes in fresh marsh sediment as a result of elevated salinity and
nutrient exposure. An ASV count table and FASTA file were assigned to reference genomes
through the BioCyc version 24.0 database at an identity cutoff of 97% (Caspi et al., 2013).
BioCyc has been shown to produce superior correlation to shotgun metagenomic results as
compared to KEGG for environmental datasets (Narayan et al., 2020). Following prior methods
(Poret-Peterson et al., 2018, Weingarten et al., 2020), the feature abundance table returned by
Piphillin was rounded to nearest integer values for processing in DESeq2 (Love et al., 2014). The
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DESeqDataSetFromMatrix() command was used to calculate Log2 fold changes (Log2FC) and
adjusted p-values for the ratio of inferred genes expressed in the three salinity treatment groups
at the beginning of the experiment versus on days 50 and 100.
Log2FC and adjusted p-values for the six pairwise comparisons of treatment (+0 ppt, +5
ppt, and +20 ppt treatments on days 50 and 100 versus day 0) were uploaded separately to the
BioCyc Pathway Tools Omics Dashboard for assignment of inferred reactions to genomic
pathways on a 0-centered scale (Version 23.0, Karp et al., 2021). The average Log2FC values for
the major pathways associated with biosynthesis, degradation, energy, and inorganic nutrient
acquisition were screened and downloaded for summary statistics and visualization. A Mantel’s
test was used to calculate the correlation between distance matrices of 16S taxonomic and
inferred metagenomic abundances using Pearson distance and 999 trials; a significant correlation
of which would increase confidence in the inferred metagenomes (Poret-Peterson et al., 2018).

Statistical Analysis
The effects of environmental source (site collected sediment, site collected water, or
microcosm sediment), timepoint, salinity, nitrate, and phosphate were calculated using
PERMANOVA with the adonis2() function in the vegan package (Oksanen et al., 2007). Beta
diversity was calculated using Bray-Curtis distance and the phyloseq::distance() function
(McMurdie & Holmes, 2013). Separate distance matrices and separate PERMANOVAs were
computed when summarizing the effects of treatment within microcosm samples alone
(excluding environmental samples) and when summarizing the effects of nutrient amendment
within each of the three salinity groups. Pairwise differences between levels of a single treatment
were calculated using the pairwise.adonis() function in the pairwiseAdonis package (Martinez46

Arbizu, 2017) as a post-hoc test when main effects of treatment were significant from adonis2().
Sample coverage was calculated using the phyloseq_coverage() function with correction
for singletons. The estimate_richness() function was used to compute alpha diversity by Species
Observed (Sobs), Chao1, Shannon, and inverse Simpson metrics. A MANOVA was used to
calculate which metrics differed significantly between microcosm and environmental samples.
Significant effects from the MANOVA were followed with separate one-way ANOVAs and
Tukey’s post-hoc tests to determine pairwise differences. Percentage differences between sample
alpha diversity levels were calculated with the percentage_difference() function in the threadr
package. A second MANOVA was performed with exclusively microcosm samples and the
merged factors of timepoint and salinity as the independent variable. This was followed by a
multi-factor ANOVA of the effects of time, salinity, each nutrient amendment, and their
interactions on inverse Simpson diversity. Finally, one-way ANOVAs of the time-salinity factor
and each alpha diversity metric, followed by a Tukey test was used to characterize how diversity
changed within each salinity group across all three timepoints.
Changes in the proportion of bacterial sequences to archaeal sequences were calculated
with a three-way ANOVA and pairwise differences in the proportion between days, salinities,
and nutrient amendments were produced with a Tukey test. The response to elevated salinity by
phyla which represented >80% of the total sequences and families which represented >20% of
sequences was determined with separate MANOVAs with the binned timepoint-salinity factor as
the independent variable. Detection of ASVs which constituted a core microbiome was done
using the multipatt() function in the indicpesies package (Caceras et al., 2016) with a minimum
relative abundance threshold of 0.1% per sample.
MANOVAs were used to assign significance to fold changes (Log2FC) of biosynthetic,
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degradation, energetic, and inorganic nutrient metabolism pathways between salinity treatments
as returned by BioCyc. The ASV taxonomy table was screened for families and genera which
exclusively use anammox, iron reduction, methanogenesis, or sulfate reduction as a metabolism.
MANOVAs were used to determine whether the relative abundances of these functional classes
differed by salinity treatment over time, and subsequently whether they differed in abundance
over time within each salinity treatment separately.
All (M)ANOVAs were checked for assumptions of normality and homogeneity of
dispersion. The DADA2 pipeline and all downstream statistics were performed in R version
4.0.4.

Data Visualization
Bray-Curtis NMDS plots were constructed using the metaMDS() function
(dimensions=2, max of 500 random starts, stress for all plots were ≤0.157). Network analysis
was visualized using the make_network() function in phyloseq (Bray-Curtis distance, maximum
ecological distance of 0.5, set line weight of 0.5). A genus-level heatmap was constructed with
the pheatmap package (Kolde & Kolde, 2015) with dendrograms drawn using Euclidean distance
and differential abundances calculated using z-scores. All plots were constructed within the
ggplot2 environment (Wickham, 2016).

Results
Sequence Pipeline Performance
The initial dataset contained 6,421,785 sequences and 5,545,236 sequences were retained
following processing through DADA2, a retention of 86%. 21,496 ASVs were recovered in the
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trimmed and filtered data. Ten samples contained fewer than 5,000 sequences, including eight
anomalous samples with ≤106 samples and were removed following rarefaction. Median and
mean coverage of the final dataset was ~87%.

Microbial Community Beta Diversity
With all experimental factors considered, each main effect of environmental source (field
vs. microcosm), timepoint, salinity, nitrate, and phosphate was strongly significant (p<0.001).
Microbial communities in microcosm sediment differed from those in site-collected water (df=1,
F=25.5, R2=0.957, p=0.003) at all timepoints and site-collected sediment at the end of the
experiment (df=1, F=9.34, R2=0.037, p=0.003), while microbial communities in water and
sediment differed the most (df=1, F=6.59, R2=0.268, p=0.003). This dispersion of environmental
samples was visible in both an NMDS with all samples included (Figure 14A) as well as in a
network analysis of all samples (Figure 14B). Natural sediment on day 0 and microcosm samples
after a 20 d acclimation, before any treatment, were indistinguishable.
Within microcosm samples alone, all main effects remained significant (p≤0.002), but it
was clear that salinity treatment (df=2, F=10.8, R2=0.066, p<0.001) applied over the course of
the experiment (“timepoint”, df=2, F=24.2, R2=0.148, p<0.001) had a stronger impact on
microbial community composition than the addition of either nitrate (df=2, F=2.46, R2=0.015,
p<0.001) or phosphate (df=2, F=2.11, R2=0.013, p=0.002). The interaction effect of salinity and
timepoint (df=4, F=4.64, R2=0.057, p<0.001) was stronger than the interaction of nutrient
addition with time (nitrate: df=4, F=1.32, R2=0.016, p=0.026; phosphate: df=4, F=1.17,
R2=0.014, p=0.110), increasing confidence that salinity increases over time altered community
composition more so than nutrient addition, particularly addition of phosphate. The community
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Figure 14. (A) NMDS ordination of a Bray-Curtis dissimilarity matrix of microbial
communities from freshwater marsh sediment exposed to fresh (+0 ppt), mesohaline (+5 ppt),
and polyhaline (+20 ppt) salinity conditions for 100 days, compared with those from in situ
sediment collected at the beginning and end of the experiment and those from in situ water at
the same timepoints. (B) Network analysis on the same microbial communities presented in
panel A. A maximum ecological distance was set at 0.5 and the line weight was fixed at 0.5.
(C) A separate Bray-Curtis NMDS of microcosm communities, but excluding in situ samples.
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disassociation driven by salinity was also proportional to the amount of salinity added, with beta
dissimilarity in the +20 ppt group (day 0 to 50: df=1, F=17.5, R2=0.256, p=0.036; day 50 to 100:
df=1, F=6.38, R2=0.122, p=0.036) being larger than in the +5 ppt group (day 0 to 50: df=1,
F=7.39, R2=0.124, p=0.036; day 50 to 100: df=1, F=3.34, R2=0.063, p=0.036). Dissimilarity
over time in the +5 ppt group was comparable to dissimilarity in the no salt added group (day 0
to 50: df=1, F=7.43, R2=0.127, p=0.036; day 50 to 100: df=1, F=4.25, R2=0.077, p=0.036).
The importance of salinity addition over time in shaping microbiome composition was
clear in NMDS ordination of microcosm samples (Figure 14C) with a clear separation between
starting point samples and all day 50 and day 100 samples. Over time, the dispersion of +20 ppt
samples was greater along the x-axis than in the +5 ppt samples, which themselves experienced
greater dispersion than +0 ppt samples. The same was true for network analysis (Figure 14B)
with sample nodes connected almost exclusively by edges within the same salinity treatment.
Like NMDS, diversion in composition was stepwise with +20 ppt samples on days 50 and 100
grouping farthest from the other treatments. As with NMDS ordination of microcosm and
environmental samples (Figure 14A), there were no edges between microcosm samples and
environmental samples except for site-collected sediment on day 0, and environmental samples
likewise changed in composition over time.

Microbial Community Alpha Diversity
Species observed (df=2, F=87.9, p<0.001), Chao1 abundance (df=2, F=55.9, p<0.001),
Shannon diversity (df=2, F=165, p<0.001), and inverse Simpson diversity (df=2, F=22.9,
p<0.001) all differed significantly between microcosm and environmental samples. Microbial
communities in site collected sediment were 58.8% more species rich than communities in
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overlying water (Sobs, p<0.001). Higher Simpson diversity in field sediment than in water was
strongly significant (inverse Simpson, 123.9%, p=0.003). Diversity between microcosm and field
sediment did not differ significantly (p=0.114).
Among microcosm samples alone, all measures of alpha diversity differed significantly
by the combined treatment effect of salinity over time (Figure 15): Sobs (df=8, F=26.5, p<0.001),
Chao1 (df=8, F=25.4, p<0.001), Shannon (df=8, F=19.3, p<0.001), inverse Simpson (df=8,
F=16.9, p<0.001). Inverse Simpson diversity differed primarily by salinity treatment (df=2,
F=28.3, p<0.001) and timepoint (df=2, F=28.1, p<0.001), but, like beta diversity, there was
significant interaction of salinity and time (df=4, F=20.9, p<0.001). The main effects of nitrate
(df=2, F=5.85, p=0.004) and phosphate addition (df=2, F=11.4, p<0.001) were significant and
independent (interaction p=0.148), but did not change over time (time:phosphate p=0.06,
time:nitrate p=0.784) and had smaller effect sizes than salinity (salinity: SS=282118, phosphate:
SS=114195, nitrate: SS=58341). Diversity of microbial communities in the +0 ppt treatment was
unaltered from day 0 to 50 (p=0.22) but increased from day 50 to day 100 (p<0.001). Diversity
of brackish samples (p>0.9) and saltwater samples (p>0.99) were unchanged over time.

Community Compositional Changes
The ratio of bacterial to archaeal sequences in microcosm samples was 7.7:1, slightly
lower than in field-collected sediment (8.6:1), and containing many more archaeal sequences
than field-collected water (148.9:1). The ratio of bacterial to archaeal sequences was
significantly affected by salinity (df=8, F=31.5, p<0.001), but was unaffected by either nitrate
(df=2, F=3.03, p=0.051) or phosphate addition (df=2, F=0.455, p=0.636). The +20 ppt treatment
group was the only one which showed a consistent change in the proportion of
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Figure 15. Species observed (A), Chao1 Index (B), Shannon Index (C), and Inverse
Simpson diversity (D) measures of alpha diversity of microbial communities in
freshwater marsh sediment exposed to fresh (+0 ppt), mesohaline (+5 ppt), and
polyhaline (+20 ppt) salinity conditions and three levels of nitrate and phosphate for 100
days. Nitrate was added as either +0 mg L-1 (Low), +5 mg L-1 (Mid), or +50 mg L-1
(High) while phosphate was added as +0 mg L-1 (Low), +0.2 mg L-1 (Mid), or +5 mg L-1
(High). Significant differences of each alpha diversity metric between the combined
effects of days and salinity (averaged across all levels of nutrient amendment) were
determined with ANOVAs, with the results of a Tukey post-hoc test shown by letters.

Archaea, decreasing (p<0.05) throughout the experiment (Figure 16).
Ten archaeal and bacterial phyla, Proteobacterial classes, and sequences unclassified at
the phylum level accounted for >80% of the total sequences (Figure 17A). The most abundant
groups were Acidobacteria (16.8%), Unclassified (15.6%), Deltaproteobacteria (9.4%),
Alphaproteobacteria (7.7%), Verrucomicrobia (6.8%), Betaproteobacteria (6.1%),
Thaumarchaeota (5.2%), Chloroflexi (4.5%), Planctomycetes (4.2%), Gammaproteobacteria
(3.7%), and Crenarchaeota (2.9%). Each of those major taxonomic groups responded
significantly to salinity addition over time (df=8, F≥3.61, p<0.001), except the
Betaproteobacteria (df=8, F=1.11, p=0.355). Alpha- and Gammaproteobacteria were most
positively correlated with salinity addition, while Acidobacteria was most negatively correlated
with increased salinity (Figure 18A).
Eleven families each contained at least 1% of all sequences and together made up >20%
of total sequences (Figure 17B): Nitrososphaera (5%), Gallionellaceae (2.5%), Anaerolineaceae
(2.1%), Bradyrhizobiaceae (1.7%), Ignavibacteriaceae (1.6%), Isosphaeraceae (1.5%),
Desulfobacteraceae (1.3%), Bacillariophyta (1.2%), Syntrophobacteraceae (1.1%), Gaiellaceae
(1.1%), and Methanomassiliicoccaceae (1.0%). Each of those major families had significant
responses to salinity treatment (df=8, F>4.5, p<0.001). The two most abundant families overall,
Nitrososphaera and Gallionellaceae, were strongly and negatively correlated with salinity, while
all other observed changes in family relative abundance had weaker correlations to elevated
salinity (Figure 18B). Sequences unclassified to the family level represented 58.2% of the data.
At a minimum relative abundance of 0.1%, 19 ASVs represented a core microbiome of
sediment at the beginning of the experiment, with four core members identified at the genus
level: Melioribacter, Thermomarinilinea, and two ASVs identified as Sideroxydans. Eight of the
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Figure 16. The proportion of bacterial to archaeal sequences recovered from sediment
following salinity and nutrient amendment. Sequences classified as Eukarya and those
unclassified at the kingdom level made up <1% of the total sequences for any sample.

59

Figure 17. (A) Relative abundance of sequences classified as the ten most abundant
archaeal and bacterial phyla, Proteobacterial classes, and unclassified sequences
which made up >80% of the community in freshwater marsh sediments exposed to
simulated saltwater intrusion and eutrophication. (B) Distribution of eleven archaeal
and bacterial families which each accounted for 1% of the total sequences recovered
from the microcosm sediment.
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Figure 18. The change in relative abundance of (A) the ten most common bacterial
and archaeal phyla, Proteobacterial classes, and unclassified sequences and (B)
eleven families which accounted for >1% of all sequences recovered from marsh
sediment over the 100-day experiment (+/- standard error).
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19 ASVs were retained in +0 ppt microcosms by day 50, with one additional member, a
Sulfurivermis. By day 100, 22 ASVs constituted a core microbiome within the +0 ppt treatments,
including 12 of the original core members and the additional genus Pseudolabrys. In the +5 ppt
treatment, the core microbiome on day 50 contained 12 of the original members. The 18-member
core microbiome of +20 ppt samples on day 50 contained 11 ASVs common to the starting
group. On day 100, the +5 ppt samples retained 10 of the original 19 core ASVs, while the +20
ppt treatment had diverged farther, containing only seven. Those seven ASVs, including
Melioribacter and Sideroxydans, represented a total core microbiome present across all
experimental samples.
The genus-level dispersion from starting conditions could be visualized with a Euclideandistance dendrogram, with a clade composed of 26 of 27 day 0 microcosms diverging from a
clade primarily composed of day 50 fresh and brackish samples and another primarily composed
of all day 100 samples, plus day 50 saline samples (Figure 19).

Inferred Metagenomes and Community Functions
Potential changes in microbial community activity were estimated by metagenomic
inference and with compositional changes of metabolically unique taxa. Compared to the
beginning of the experiment, most of the major biosynthetic and degradation pathways
considered were downregulated through days 50 and 100 (Figure 20A). Amine/polyamine
biosynthesis, cell structure biosynthesis, fatty acid/lipid biosynthesis, metabolic regulator
biosynthesis, amine/polyamine degradation, amino acid degradation, nucleoside/nucleotide
degradation, and inorganic sulfur metabolism were all significantly higher for microbial
communities in +0 ppt microcosms (p<0.05) compared to other treatments. Carbohydrate
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Figure 19. Heatmap of genera in the sequencing data which each accounted for at least
0.2% of the total reads. Values presented as z-scores where the difference between each
integer is one standard deviation from the mean to account for differential absolute
abundance between the genera. Salinity was either ambient, + 5 ppt, or +20 ppt. Nitrate
was added as either +0 mg L-1 (Low), +5 mg L-1 (Mid), or +50 mg L-1 (High), while
phosphate was added as +0 mg L-1 (Low), +0.2 mg L-1 (Mid), or +5 mg L-1 (High).
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Figure 20. (A) Potential metagenomic pathways as inferred from 16S rRNA gene sequences and Piphillin for
microbial communities in freshwater sediments exposed to fresh (+0 ppt), mesohaline (+5 ppt), and polyhaline
(+20 ppt) salinity. Fold changes (Log2FC) indicate the change in pathway abundance from day 0 to days 50 and
100. Subsystem assignment was performed through the BioCyc database. (B) Changes in the relative
abundance of sequences classified as specific microbial taxa capable of anammox, iron reduction,
methanogenesis, and sulfate reduction. Relative abundances between salinity treatments are presented with a
violin plot. Relative abundance values were normalized with a square root transformation.

biosynthesis, fatty acid/lipid degradation, fermentation, and inorganic phosphorus metabolism
were all significantly higher in the +20 ppt treatment group (p<0.05). Aerobic pathways were
downregulated community-wide while fermentation and anaerobic respiration were enriched.
The relative abundances of sequences identified as Brocadia (anammox, df=8, F=3.21,
p=0.002), the genera Geobacter, Pelobacter, and Shewanella (iron reducers, df=8, F=10.9,
p<0.001), the families Methanobacteriaceae, Methanomassiliicoccaceae, Methanoregulaceae,
and Methanosarcinaceae (methanogens, df=8, F=5.04, p<0.001), and the families
Desulfarculaceae, Desulfobacteraceae, Desulfobulbaceae, and Desulfovibrionaceae (sulfate
reducers, df=8, F=13.0, p<0.001) all differed significantly by salinity treatment over time (Figure
20B). Iron reduction as a metabolism made up a smaller proportion of the community over time
in each of the salinity treatments (p≤0.002). The proportion of methanogens decreased in both
the freshwater (df=1, F=5.64, p=0.02) and salt (df=1, F=11.4, p=0.001) treatment groups. There
were no changes in the proportion of sequences identified as sulfate reducers in the freshwater
treatments (df=1, F=2.35, p=0.129), a moderate increase in them in the brackish treatment (df=1,
F=4.96, p=0.029), and a larger increase in the proportion of sulfate reducers in the highest
salinity treatment group (df=1, F=20.0, p<0.001).

Discussion
Through a microcosm experiment, I was able to demonstrate a strong selective effect of
elevated salinity on freshwater marsh sediment microbial communities. That salinity can
determine the composition of microbial communities has previously been observed in intact
coastal sediments (Zhang et al., 2021), and the experimental, real-time observation of this trend
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lends further support to the suggestion that sea level rise may drive compositional and functional
changes in coastal wetlands (Jackson & Vallaire, 2009, Nelson et al., 2015, Neubauer et al.,
2019). Although taxonomic changes were continuous, with high salinity treatments diverging
from freshwater treatments and brackish samples intermediate between the two, the magnitude of
dispersion was disproportionately higher in high salinity microcosms. This suggests a partial
threshold response where an increase of 5 ppt is insufficient to generate significant differences
from freshwater conditions, but some level between 5 ppt and 20 ppt leads to a rapid shift in
composition. This may be explained by adaptation of the freshwater marsh sediment community
to occasional salinity pulses, as even the in-situ sediments were at a salinity of 5.4 ppt when
water was collected on day 20 of the experiment.
A full factorial assessment of the effects of salinity, nitrate, and phosphate amendment
showed that the effect of salinity was stronger than simulated eutrophication. Treatment levels
were chosen to simulate null, moderate, and extreme elevation of salinity and nutrient
concentration relative to historical data (Mackenzie et al., 2002, Sprague et al., 2011, Henson et
al., 2018) and projections for the near future (Sinha et al., 2017), suggesting that sea level rise
will be a larger driver of coastal microbiome change than eutrophication, at least in comparable
marshes. I was unable to support suggestions that salinity may regulate the microbial community
though its effect on nutrient availability (van Dijk et al., 2019), rather showing that there was
little interaction between salinity effects and nutrient effects, and that salinity effects
overwhelmed nutrient effects.
An emerging trend in wetland studies in situ is a bell curve of community alpha diversity
around sediment salinity. Oligo- and mesohaline wetlands often show higher microbial diversity
than freshwater marsh, but diversity is lowered as salinity nears marine conditions (Fu et al.,
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2019, Li et al., 2019, Weingarten et al., 2020, Zhang et al., 2021). This has been attributed to
long-term adaptability of the freshwater marsh community to moderate salinity increase during
flood tide or low river flow periods, and usually higher nutrient content in intermediate salinity
marsh due to reduced stream flow and greater nutrient liberation by salinity pulses (Li &
Pennings, 2018, Defne et al., 2020, Hu et al., 2021). My data does not fully support this, showing
instead higher alpha diversity of sediment microbial communities in freshwater conditions than
in either brackish or saline conditions.
Phylum level diversity was similar to other wetland sediment communities characterized
by 16S rRNA gene sequencing, including freshwater inland marsh (Ansola et al., 2014),
freshwater tidal marsh (Wang et al., 2012), mangroves (Jiang et al., 2013), saltpans (Weingarten
et al., 2020), and saltmarsh (Dini-Andreote et al., 2014, Gong et al., 2018, Yao et al., 2019).
Acidobacteria and Deltaproteobacteria were prominent components of all wetland types.
Sequences identified as Acidobacteria have been observed at higher abundance in freshwater
marsh than saltmarsh (Wang et al., 2012, Yao et al., 2019), and I also observed a negative
correlation between the proportions of Acidobacteria sequences and elevated salinity. A similar
pattern was observed for sequences classified as Deltaproteobacteria (Yao et al., 2019), but that
trend is less consistent across studies (Wang et al., 2012). The replacement of Acidobacteria and
Deltaproteobacteria with increased Alpha- and Gamma-Proteobacteria has also been observed in
those other systems. Bacteroidetes have been observed as the second most prominent phylum
(after Proteobacteria) in marine wetlands (Dini-Andreote et al., 2014, Lv et al., 2014, Weingarten
et al., 2020) but they were only a minor portion of the sequences recovered here, even after
salinity elevation.
The ammonia-oxidizing Archaea Nitrososphaera were the dominant family recovered
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from freshwater marsh sediment. Ammonia oxidizing Archaea (AOA) including Nitrososphaera
have been observed to dominate ammonia oxidizing Bacteria (AOB) in wetland sediment
previously (Liu et al., 2017), but I observed significant exclusion of sequences identified as
Nitrososphaera by elevated salinity. Given the importance of microbial ammonia-oxidation as
the initial step in wetland N transformations (Su et al., 2018), filtering of AOA and AOB by
salinity may be an important factor regulating potential NH4+-N removal. The proportion of
sequences identified as Bradyrhizobiaceae, which contains multiple denitrifying genera
(Anderson et al., 2011), was unaffected by elevated salinity, while proportions of sequences
identified as the anammox bacterium Brocadia (Shen et al., 2016) was somewhat stimulated by
salinity addition. The proportion of sequences classified as the nitrite-reducing
Ignavibacteriaceae (Tang et al., 2017, Park et al., 2021) was positively correlated with salinity.
Taken together, these trends suggest that wetland salinity changes may significantly alter the
abundances of Archaea and Bacteria involved in N-cycling, with the potential for replacement of
N-cycling Archaea by Bacteria.
Contrary to the general rule-of-thumb that Archaea dominate high salinity environments
(Oren, 2014), several studies have shown a negative association of Archaeal abundance with
salinity in wetland environments (Cao et al., 2013, Li et al., 2015, Webster et al., 2015, Yang et
al., 2018), and I observed the same in terms of the ratio of archaeal to bacterial sequences
recovered, the proportion of sequences identified as N-cycling Archaea compared to N-cycling
Bacteria, and in predicted methanogenesis. Methane production is often higher in freshwater
sediments than saltmarsh sediments (Tong et al., 2017, Wang et al., 2017) and salinity pulses
have been observed to suppress methanogenesis (Chambers et al., 2011). The reduction in
sequences identified as methanogenic taxa over a 100 d experiment here adds further evidence
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that saltwater intrusion may reduce methane production in tidal marshes impacted by sea level
rise.
Inferred aerobic respiration rates were depressed across all treatment conditions, as
expected from the loss of tidal activity. This was also predicted, as saltmarsh sediments are
nominally more reducing than freshwater marsh sediments (Odum, 1988). However, the switch
to taxa capable of anaerobic respiration and fermentation was disproportionately higher in more
saline treatments. Many microbial taxa in wetlands are capable of fermentation (Yarwood,
2018), including high rates in Acidobacteria, the most abundant phylum in this sequence dataset
(Hunger et al., 2015). The significant increase in sequences classified as sulfate reducing taxa
was expected given the well-documented energetic advantages of sulfate reduction over
methanogenesis when sufficient sulfate is supplied by saltwater intrusion (Nelson et al., 2015,
Herbert et al., 2018). Biogenic hydrogen sulfide can drive plant toxicity and has been implicated
as an indicator of the transition from freshwater marsh conditions to saltmarsh (Munns & Tester,
2008, Hackney & Avery, 2015). Hydrogen sulfide can form complexes with Fe2+, which frees
phosphate from iron-phosphate minerals, potentially explaining the lack of a phosphate addition
effect as well as the increase in inorganic P metabolism (White & Metcalf, 2007, Herbert et al.,
2018). Exposure to elevated salinity produced a more rapid succession away from aerobes and
methanogens toward sulfate reducers than was observed in a field setting when fresh marsh cores
were transplanted to brackish marsh (Dang et al., 2019). The community progression I observed
compared to natural sediment collected at the start and end of the experiment supports the
conclusion of Dang et al. (2019) that fresh marsh sediment in transition may harbor temporary
and unique microbial communities, which are distinct from either typical freshwater or brackish
marsh.
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Conclusions
Through a microcosm inoculation of freshwater marsh sediment with salinity levels
typical of fresh, brackish, and saltmarsh, I demonstrated that bacterial and archaeal communities
separated distinctly by treatment, with the magnitude of disruption proportional to the salinity
increase. Introduction of nitrate and phosphate at higher concentrations than are observed in even
the most eutrophic areas of the Mississippi Delta-Northern Gulf of Mexico had little effect
relative to saltwater addition. Sediment microbial composition at the start of the experiment was
typical of prior surveys of freshwater marsh sediment, but after 100 days communities no longer
resembled either the location where sediment was collected or typical saline wetlands, reflecting
a potential transitional community. Community composition as well as inferred metagenomes
revealed the potential for replacement of the aerobic and methanogenic members of freshwater
marsh with predominantly sulfate reducers in response to saltwater intrusion.
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CHAPTER IV
ENZYME ACTIVITY IN COASTAL WETLANDS IS SUPPRESSED BY BIOGEOGRAPHIC
AND EXPERIMENTAL SALINITY INCREASES, SUGGESTING INCREASED CARBON
STORAGE IN RESPONSE TO SEA-LEVEL RISE

Abstract
To maintain the rates of carbon and nutrient cycling that support coastal wetland structure
and function, sediment microorganisms will have to adapt to rising sea levels and saltwater
intrusion. I inferred metabolic responses to increased salinity through both a biogeographic
survey of 22 wetland sites ranging from fresh to saline conditions and through an enrichment of
fresh marsh sediment with simulated saltwater intrusion and eutrophication. Activities of the
depolymerizing enzymes β-1,4-glucosidase, phenol oxidase, peroxidase, β-Nacetylglucosaminidase, and acid phosphatase were used as indicators of organic C, N, and P
decomposition rates. Most organic C, N, and P degradation rates were depressed under more
saline conditions, although recalcitrant chitin decomposition was unaffected or even stimulated
in some cases. This supports a growing body of evidence that saltmarsh area may keep pace with
sea-level rise through vertical sediment building of stored carbon, but at the expense of extant
fresh marsh area. Nitrate and phosphate addition did not affect sediment enzyme activity,
implying that saltwater intrusion has a larger impact on wetland decomposition rates than coastal
eutrophication.
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Introduction
Coastal wetlands provide such valuable services as storm damage attenuation, nutrient
uptake and conversion, and carbon storage, as well as providing diverse habitat (Barbier, 2013,
Kirwan & Megonigal, 2013). However, relative sea level rise (SLR) in many coastal wetlands is
greater than the rate of sediment building, leading to submergence at rates up to 3 cm/y (Cahoon,
2015). Wetlands may be driven landward or submerged in places where sediment accretion does
not keep pace with SLR or where migration is prevented by human development (Craft, 2012).
There has recently been greater recognition that reasonable restriction of human development
may allow for considerable expansion of global wetland area (Schuerch et al., 2018), but it is
likely that gains will primarily come from saltmarsh at the expense of fresher wetlands (Craft et
al., 2009). It has been previously shown that saline wetlands may generate lower rates of C/N/P
biogeochemical cycling than freshwater wetlands (Jackson & Vallaire, 2009, Weingarten et al.,
2020), and it is unclear if increases in the saline:fresh wetland ratio will provide similar rates of
nutrient cycling or carbon storage as in extant coastal wetlands. Higher levels of estuarine
nutrient inputs lead to coastal hypoxia (Rabalais, 2011) and it is not known whether saltmarsh
nutrient conversion can keep pace with increased eutrophication. In a period <30 years, nitrate
levels in the Mississippi River rose by as much as 76% (Sprague et al., 2011). The balance of
carbon storage and N/P metabolism in saline and freshwater wetlands will determine future
changes to wetland area, sediment accretion, and coastal hypoxia, and I show here how the
processing of organic C/N/P may be altered by saltwater intrusion.
Carbon inputs to wetland sediments come from both autochthonous (decayed vegetation)
and allochthonous (dissolved or suspended in water column) sources, with carbon outputs
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generated from outflowing water and, primarily, from microbial metabolic activity releasing CO2
and methane (Villa & Bernal, 2018). Estuarine wetlands traditionally function as extreme carbon
sinks, meaning that they sequester and bury more carbon than they release (Simpson et al.,
2017), but changing climate and salinity conditions may significantly alter wetland carbon
budgets (Hopkinson et al., 2012). Carbon sequestration can also be influenced by coastal
eutrophication, with nutrient enrichment of watersheds increasing the amount of organic matter
flowing into estuaries and simultaneously reducing wetland storage capacity by promoting
microbial respiration (Deegan et al., 2012). Wetlands act as filters of the two primary actors in
coastal eutrophication: nitrate and phosphate (Ménesguen et al., 2018). Denitrification occurs
only through microbial metabolism (Han et al., 2020, Peterson et al., 2020) while phosphate
removal occurs through combined abiotic, vegetative, and microbial processes (Du et al., 2017).
The effects of global change on N and P removal efficiency in wetlands is complicated by higher
rates of N and P retention but lower rates of cycling of these nutrients in saltmarsh (Craft, 2012).
Sediment bacteria and fungi degrade complex organic molecules through the production
of extracellular enzymes. Cellulose is the most abundant plant carbohydrate delivered to wetland
sediments, followed by hemicellulose and lignin (Khatoon et al., 2017). Cellulose is hydrolyzed
to glucose through a combination of the activity of multiple enzymes, including β-1,4glucosidase, that catalyzes the final release of glucose from cellobiose (Menon et al., 2013).
Lignin is oxidized by the activity of phenol oxidase which removes a proton and an electron
from a hydroxyl group (Coll et al., 1993) and peroxidases which can oxidize the αC-βC bond
(Sinsabaugh, 2010). Chitin, a component of fungal cell walls and arthropod exoskeletons, is the
second most abundant polysaccharide in wetlands and can be hydrolyzed by β-Nacetylglucosaminidase (NAGase) (Chen et al., 1994, Lorito et al., 1994). Chitin also represents a
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major reservoir of biologically available nitrogen and NAGase activity has been used as a proxy
for nitrogen cycling rates (Kang et al., 2005). Similarly, the release of phosphorus from complex
organic matter can be inferred from the activity of phosphatase enzymes (Newman & Reddy,
1993, Morrissey et al., 2014).
Here, I describe the activities of β-1,4-glucosidase, phenol oxidase, peroxidase, β-Nacetylglucosaminidase, and phosphatase in coastal wetland sediments ranging from fresh to
saline conditions. Extracellular enzyme activities were calculated from sediments collected at 22
sites spanning the U.S. Gulf and southern Atlantic coasts, as well as from fresh marsh sediment
that was experimentally exposed to a range of salinity and nutrient enrichments in microcosms.
Results were largely consistent across each method, with activity of β-glucosidase and NAGase
repressed by higher salinity and activity of peroxidase moderately stimulated by saltwater.

Methods
Biogeographic Sampling of Coastal Wetlands
22 wetland sites spanning 13 cities along the Gulf and southern Atlantic coasts of the
United States were sampled between June 14 and June 29, 2018 (Figure 21). The locations and
sampling dates were: Cocodrie, LA (6/14 and 6/15), New Orleans, LA (6/15), Moss Point, MS
(6/18), Weeks Bay, AL (6/18), St. Marks, FL (6/19), Apalachicola, FL (6/20), Cedar Key, FL
(6/21), St. Augustine, FL (6/22), Darien, GA (6/23), Charleston, SC (6/25), Wilmington, NC
(6/27), Morehead City, NC (6/28) and Gloucester Point, VA (6/29). With the exception of New
Orleans, St. Augustine, Darien, and Charleston, two separate wetlands were sampled at each site
belonging to different salinity classifications. The difference in salinity between the fresher and
saltier sites ranged from 2.9 ppt at Gloucester Point to 30.1 ppt at St. Marks. Sites were classified
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Figure 21. Twenty-two wetland sites were sampled from 13 locations along >2,000 km
of the U.S. Gulf and Southern Atlantic coast. At each site, five sediment cores were
collected, divided into surface and root-zone fractions, and returned to the lab on ice.
Samples were collected between June 14 and June 29, 2018. At 9 of the 13 locations,
sediment was collected from two sites at different salinities. Wetland salinity class and
recorded salinity of each site are indicated in the table inset.
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by their salinity according to the values of Howes et al. (2010) with fresh marsh (0-0.5 ppt)
represented by five sites, intermediate marsh (0.5-5 ppt) represented by seven sites, brackish
marsh (5-18 ppt) represented by three sites, and saltmarsh (18+ ppt) represented by seven sites.
At each site, five sediment cores were taken from randomly chosen locations within the
marsh. Coring locations avoided vegetation wherever possible or were taken from beneath only a
single plant species to avoid confounding effects of plant association. Sediment cores were 30
cm deep to collect sediment from both the surface of the marsh soil and from the depth of typical
marsh vegetation roots (Weiss et al., 2003). Before collection of each core, the soil corer was
wiped free of loose sediment, rinsed with on-site water and then sterilized with 70% ethanol.
Subsamples were taken from both the top and the bottom of each core and stored in sterile 50 mL
centrifuge tubes. Tubes were stored on ice until return to the lab where they were further kept on
ice until processing. Samples were processed in the order that they were collected, with time
between collection and processing ranging from 19 to 22 days. Samples were allowed to come to
ambient room temperature prior to colorimetric enzyme assay. Site pH, salinity, and temperature
were recorded in the field using YSI model 30 and 60 salinity and pH probes (YSI Inc, Yellow
Springs, OH).

Experimental Manipulation of Salinity and Nutrient Status in Microcosms
The fresh marsh near Moss Point, MS was used as the source of sediment and water for
the microcosm experiment. Bulk sediment was collected on October 17, 2019 from the surface to
root depth beneath Cladium jamaicense and Juncus roemerianus using an ethanol-sterilized
shovel, mixed in a bleach-sterilized bucket, and returned to the lab at ambient temperature. Bulk
surface water was collected in a bleach-sterilized carboy and returned to the lab at ambient
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temperature. Surface water was collected from the site three additional times through the
duration of the experiment for the purpose of maintaining microcosm water levels. Average
water conditions at the times of collection were: 0.7 ppt/20.9°C, 5.4 ppt/16.2°C, 1.2 ppt/19.3°C,
and 0.6 ppt/15.7°C.
Pre-sterilized 600 ml beakers were filled with 200 ml of homogenized sediment and 200
ml of site-collected water and covered with translucent cheesecloth to reduce dust contamination
but allow some light penetration. Microcosms were kept in an incubator at ambient temperature
and provided light with a full-spectrum LED fixture (Feit model GLP24FS) on a 12 h cycle.
Temperature was monitored and fluctuated diurnally between 20°C and 30°C.
All microcosms were initially provided untreated, site-collected water for a period of 20 d
to allow acclimation to laboratory conditions. Microcosms were then treated with three levels of
salinity: +0 ppt, +5 ppt, +20 ppt, three levels of nitrate: +0 mg/L, +5 mg/L, +50 mg/L, and three
levels of phosphate: +0 mg/L, +0.2 mg/L, and +5 mg/L. All treatments were added to the
ambient conditions measured at the time of water collection. In addition to the salinity levels
previously described, nitrate was <5.0 mg/L and phosphate was <0.25 mg/L at all collection
points. Nitrate was added as NH4NO3 while phosphate was added as KH2PO4 (Jackson &
Vallaire, 2009). Salinity levels were chosen to model the conditions in fresh, brackish, and
saltmarsh (Howes et al., 2010, Poffenbarger et al., 2011) and nutrient concentrations to model
minimal, moderate, and elevated levels of eutrophication in the northern Gulf region (Mackenzie
et al., 2002, Sprague et al., 2011). The experiment represented a 3x3x3 factorial design with 27
treatment levels and three replicates of each treatment. Treated water was poured off and
replaced every 20 d for the first 100 d of the experiment. For the final 200 d, treated water was
replaced twice to prevent drying. Extracellular enzyme activity was determined on experimental
79

days 0 (following 20 d acclimation period), 50, 100, and 300.
Determination of Extracellular Enzyme Activity
The potential activities of five extracellular enzymes were assayed colorimetrically for
each sediment sample. The activities of peroxidase and phenol oxidase (depolymerize lignin) and
β-1,4 glucosidase (hydrolyzes cellobiose) were used as estimates of microbial C metabolism
(Sinsabaugh et al., 2014, Pollegioni et al., 2015). The activity of β-1,4-N-acetylglucosaminidase,
which hydrolyzes chitin, was used to estimate microbial N metabolism. The activity of
phosphatase, which hydrolyzes phospholipids and phosphosaccharides, was used to estimate
microbial P metabolism (Sinsabaugh et al., 2014). 5 ml of each bulk sediment sample were
transferred to sterile 15 ml tubes avoiding the inclusion of any larger material. Tubes were
hydrated to a total volume of 12 ml with sterile water and vortexed into a slurry. Substrates were
prepared as 5 mM 3,4-dihydroxyl-L-phenylalanine (L-DOPA) for peroxidase/phenol oxidase
assays, 5 mM p-nitrophenyl (pNP)-glucopyranoside for β-glucosidase assays, 2 mM pNP-β-Nacetylglucosaminidase for NAGase assays, and 5 mM pNP-phosphate for phosphatase assays
(Jackson et al., 2013, Rietl et al., 2016).
Enzyme assay conditions followed the methods of Jackson et al. (2013). Briefly, 96-well
deep plates were filled with four replicates (150 µl sample slurry with 150 µl substrate solution)
and two controls (150 µl sample with 150 µl sterile water) for each sample, along with two
substrate controls per block (150 µl substrate with 150 µl water) and incubated for 1-4 hours,
depending on the enzyme. After incubation, blocks were centrifuged for 10 min at 2,000x g and
150 µl of supernatant from each well of the reaction block was transferred to the corresponding
well of a 96 well microplate. Absorbance was read using a BioTek Synergy 2 microplate reader
(BioTek Instruments, Winooski, VT).
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To determine the final absorbance value for each sample, the absorbance read for each of
the four replicates was averaged minus the average absorbance for the sample controls and the
substrate controls. The mass per reaction (g/150 µl) for each sample was calculated as the
sediment mass in the initial slurry converted to grams per ml x 0.15. This value was multiplied
by the percent ash free dry mass (AFDM) of each sample to determine AFDM per reaction.
AFDM was determined by loss-on-ignition (500°C, 2 h) of dried (70°C, 48 h) samples. Final
enzyme activities were then calculated by the equation:
1) Enzyme activity = Final absorbance / [AFDM per rxn x rxn time (hours) x conversion factor]
The conversion factor for the pNP-linked substrates was 21.69. The conversion factor for
the L-DOPA-linked substrates was 3.347 (Jackson et al., 2013).
Statistical Analysis
Biogeographic Sampling of Coastal Wetlands
Multivariate multiple regression was used to model the effects of all measured abiotic factors on
extracellular enzyme activities. Assumptions of linearity, multivariate normality,
homoscedasticity, and influential outliers were checked with influential cases subsequently
removed. Model terms were selected using ANOVA by whether their removal from the model
differed significantly from their inclusion.
Salinity, water temperature, latitude, and longitude were regressed against the activity of
each of the measured enzymes. The significance and variability explained by each factor was
determined with a linear model. Depth (0 cm and 30 cm) effects were determined with separate
t-tests for each enzyme. Summary statistics were performed in R and plots generated in the
ggplot2 package (Wickham, 2016).
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Experimental Manipulation of Salinity and Nutrient Status in Microcosms
13% of the phosphatase observations and 1.4% of the peroxidase observations were
outside the dynamic range of the spectrometer and were replaced using conditional multiple
imputation with five iterations. The raw dataset did not meet the assumption of multivariate
normality, so the dependent variables were square root transformed prior to imputation. The
imputation was performed using predictive mean matching using the mice package (Zhang,
2016). Final values were squared after the multiple imputation was performed to preserve the
original observed activity levels. 3.3% of the data points were detected as potentially influential
outliers and were removed prior to downstream analysis. As the overall magnitude of
phosphatase activity was one-to-two orders of magnitude greater than the other enzymes, all
activity levels were log-transformed using the formula ln(x+1) to account for zero and decimal
values when comparing between enzymes.
Repeated measures PERMANOVA was used to assess the effects of salinity, nitrate, and
phosphate addition over the course of the 300-day experiment. Between-subjects treatment
effects were determined using the centroids of a Bray-Curtis distance PCoA as the response
variable in a Euclidean-distance PERMANOVA. The within-subjects effect of time was
determined using a Bray-Curtis distance PERMANOVA. After it was found that both betweenand within-subjects effects were significant, separate Bray-Curtis dissimilarity matrices were
calculated for each experimental timepoint and partitioned with PERMANOVAs against the
single-time effects of salinity, nitrate, and phosphate addition. PERMANOVAs were performed
using the adonis command in vegan in R (Oksanen et al., 2007).
Total enzyme activity was calculated as the average of the natural log values for each of
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the five enzymes by treatment. The interaction effect of salinity and time on average enzyme
activity was examined with a two-way ANOVA. Significant differences in enzyme activity by
salinity and time were determined with a Tukey post-hoc test. The salinity:time interaction was
visualized with box and whisker plots of the raw activity values for each of the five enzymes
separately. Salinity:time significance was calculated with separate one-way ANOVAs for each
enzyme with pairwise differences calculated from Tukey post-hoc tests. Principal components
analysis (PCA) was used to ordinate each salinity treatment level grouped by day using the
prcomp command. A principal component biplot was constructed using the ggbiplot command
(Vu, 2011) with the distances between points representing Euclidean distance, confidence
ellipses drawn at the 70% level, and each enzymes’ eigenvector displayed as an arrow in the
direction of the higher values with length proportional to magnitude, measured by Mahalanobis
distance. Changes in enzyme activity attributable to nutrient addition were characterized by a
percent change calculation within each treatment level and a t-test to compare days 0 and 100,
when salinity was applied continuously every 20 d.

Results
Biogeographic Survey of Wetland Enzyme Activity
The activities of β-glucosidase (p=0.01) and NAGase (p<0.001) had a negative
relationship with salinity, while salinity had no observed relationship to the activities of
peroxidase, phenol oxidase, or phosphatase (Figure 22). Peroxidase (p<0.001) and phenol
oxidase (p=0.003) activity were positively correlated with water temperature but were not related
to any of the other model variables. NAGase activity was also significantly higher at higher
water temperatures (p=0.003). Phosphatase activity only differed by sediment depth (p=0.006);
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Figure 22. Activity (µmol h-1 gAFDM -1) of β-glucosidase, peroxidase, phenol oxidase,
NAGase, and phosphatase from wetland sediments collected from the Gulf (n=13) and
southern Atlantic (n=9) U.S. coasts. Activities are shown related to differences in
sediment depth (0 cm and 30 cm deep), salinity measured at the sediment-water
interface (ppt), water temperature at time of collection, and degrees of latitude and
longitude. Significance of depth is determined by t-tests for each enzyme. P-values and
R2 values for salinity, temperature, latitude, and longitude are derived from separate
linear regressions.
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being higher at the surface, which was also true for β-glucosidase (p=0.002) and NAGase
(p=0.004). A model which included latitude and longitude differed significantly from a model
with them removed, indicating that unexplained geographic variability contributed to enzyme
activity, particularly for NAGase which was higher at higher latitudes (p<0.001) and farther west
on the Atlantic coast (p=0.02).

Experimental Manipulation of Salinity and Nutrient Status in Microcosms
Salinity had a strong influence on combined enzyme activity throughout the experiment
(p<0.001, F=43.4) while neither the effects of nitrate addition (p=0.235, F=1.45) nor phosphate
addition (p=0.833, F=0.18) had an effect experiment-wide. Combined enzyme activity was most
affected by time (p<0.001, F=254.0) with the effect of salinity varying over time (p<0.001,
F=37.5, salinity:day). Total activity in all treatment groups were significantly lower on day 50
compared to the beginning of the experiment, with the +20 ppt treatment significantly lower than
the freshwater control, but the +5 ppt group had the highest activity overall (Figure 23). From
day 50 to day 100, total activity in the freshwater samples increased significantly while activity
in the +5 ppt and +20 ppt treatments fell significantly, with activity in the +20 ppt group being
the lowest. However, between day 100 and 300, average activity in both salinity treatments rose
significantly while the freshwater group remained unchanged.
Observed separately, on days 0, 50, and 100, the effects of salinity, nitrate, and phosphate
were all significant (p<0.008). The effect sizes on day 0 (salinity=0.14, NO3=0.03, PO4=0.01),
day 50 (salinity=0.21, NO3=0.02, PO4=0.04), and day 100 (salinity=0.39, NO3=0.06, PO4=0.04)
all show that, while sediment had not been exposed to any salinity or nutrient manipulation on
day 0, over the course of the 100-day incubation the influence of each treatment effect increased
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Figure 23. Combined sediment enzyme activity (ln[µmol h-1 gAFDM -1]) collected
from a microcosm experiment exposing fresh marsh sediment to three levels of salinity
(+0 ppt, +5 ppt, and +20 ppt) to model saltwater intrusion. Enzyme activity is the
average of the natural logs of β-glucosidase, peroxidase, phenol oxidase, NAGase, and
phosphatase. Activity was determined after 0, 50, 100, and 300 days of exposure.
Pairwise significance differences between groups, shown by letters, are derived from
repeated measures PERMANOVA.
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over time. This was particularly true for salinity, which increased in effect size by 0.25 versus
0.03 for nitrate and phosphate. However, by day 300 the treatment effect had weakened, with
nitrate no longer a significant factor (p=0.08, R2=0.007), salinity (p<0.001, R2=0.26) returning to
a similar effect size as was observed around day 50, and phosphate (p<0.001, R2=0.06) having a
slightly larger influence on enzyme activity. Despite the apparent recovery from salt stress
between days 100 and 300 due to less frequent manipulation, the effect size of salinity was still 4
times higher than the effect of N or P addition on day 300.
Each of the enzymes responded differently to salinity, although the high salinity
treatment (+20 ppt) tended to suppress activity the most (Figure 24). NAGase activity was
relatively unaffected by salinity addition, remaining constant in the +5 and +20 ppt treatment
groups but with a large spike in activity on day 100 in the +0 ppt group which remained high by
day 300. Phosphatase activity was restricted by salinity with decreases up to day 100 which were
stronger in the +20 ppt treatment than in the +0 or +5 ppt treatments. However, on day 300,
phosphatase activity was highest in the high salinity treatment. β-glucosidase was affected
similarly to phosphatase with larger activity depression in the +20 group than in the +5 group
which was itself less active than in +0 group. Unlike phosphatase, β-glucosidase activity was
higher on day 100 than day 50 but once again, there was a large increase in activity in the +20
treatment on day 300. Peroxidase activity responded differently from the other enzymes,
depressed significantly in the freshwater samples, unchanged in the brackish samples, and
stimulated through the first 100 d in the saline treatment. Phenol oxidase activity reached zero by
day 50 in all but the +0 ppt group which had also reached zero by the end of the experiment. The
negative response of enzyme activity to salinity addition in four of five enzymes could be
visualized with PCA (Figure 25) with greater separation of experimental timepoints in the +20
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Figure 24. Activities (µmol h-1 AFDM -1) of β-glucosidase, peroxidase, phenol oxidase, NAGase, and
phosphatase measured from a microcosm experiment of fresh marsh sediment exposed to elevated salinity and
eutrophication. Sediment was exposed to freshwater (light boxes, +0 ppt), brackish (medium boxes, +5 ppt), and
saline conditions (dark boxes, +20 ppt) over a 300-day incubation. Pairwise significant differences, displayed as
letters, were determined from separate one-way ANOVAs for each enzyme, with the interaction effect of
salinity and time as the independent variable.

Figure 25. Principal component analysis (PCA) ordinating wetland sediment samples
collected from microcosms exposed to fresh (0 ppt), brackish (5 ppt) and saline
conditions (20 ppt) over periods of 0, 50, 100, and 300 days. Euclidean distances are
used and biplot loadings indicate the magnitude of β-glucosidase, peroxidase, phenol
oxidase, NAGase, and phosphatase activity (µmol h-1 gAFDM -1), with length and
direction proportional to their influence on PC1 and PC2. Ellipses represent 70%
inclusion of points for each experimental time point.
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ppt treatment group, and a larger proportion of variation explained with PC1 & PC2. Days 50
and 100 separated from day 0 based on lower activities of all enzymes but peroxidase. Day 300
also clustered separately, driven apart by a rebound in NAGase, phosphatase, and β-glucosidase
activities, but with no increase in phenol oxidase or peroxidase.
Because there were significant differences between the nitrate and phosphate treatments
at the start of the experiment, the effects of N and P addition were determined by comparing the
percentage change in total enzyme activity between the lowest and highest N and P treatment
groups from the beginning to day 100 (when salinity was provided continuously), within the +0
ppt treatment group and +20 ppt group separately. For the freshwater microcosms, nitrate
addition did not have a significant effect on overall enzyme activity as levels dropped 16.6% in
the zero N group (p<0.001) and 20.8% in the high N group (p<0.001). A similar trend was
observed between the zero P (-21.8%, p<0.001) and high P group (-13.3%, p<0.001). High
salinity microcosms were not stimulated by nutrient amendment either, with N addition (-30.0%,
p<0.001) producing no statistical difference from control (-23.6%, p<0.001), and the same true
for P addition (low P: -30.2%, p<0.001, high P: -36.4%, p<0.001).

Discussion
Increased salinity reduced the activities of β-glucosidase and NAGase which was
consistent in both the field-collected and microcosm datasets. This result is in line with earlier
experimental results (Jackson & Vallaire, 2009), but demonstrated at larger spatial and temporal
scales. It has previously been suggested that β-glucosidase is positively correlated with salinity
(Morrissey et al., 2014), but this was based on much smaller salinity ranges (0.03-1.85 ppt).
When compared between fresh and brackish marsh, results were more consistent with these
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findings, showing that β-glucosidase activity was significantly higher in fresh marsh (Chambers
et al., 2013). Conversely, there was generally higher phenol oxidase activity and, especially,
peroxidase activity at higher salinity, favoring a more recalcitrant C pool than cellulose which is
generally more labile. Feng et al. (2008) and Wang et al. (2012) speculated that increased lignin
degradation in freshwater wetlands impacted by climate change could be due to greater
adaptation of fungal communities, which are the primary lignin decomposers, to those
conditions. NAGase activity has been shown to be slightly higher in fresh marsh than saltmarsh
(Kang et al., 2005) and that influence of salinity was supported through both experimental
approaches employed here. Min et al. (2011) found that N addition as NH4NO3, as was used
here, reduced extracellular enzyme activity and soil respiration. This is consistent with the
nitrogen mining theory (Moorhead & Sinsabaugh, 2006) which states that when N is readily
available, the energy-intensive function of exoenzyme production should be downregulated, thus
decreasing the observed enzyme activity and resulting CO2 generation. I was unable to reproduce
a strong nutrient amendment effect, implying either that the sediment was C rather than N or P
limited (Hume et al., 2002, Nausch & Nausch, 2004, Jackson & Vallaire, 2009, Oikawa et al.,
2017) or, more likely, that the salinity effect was strong enough to overwhelm any first-order
limitation of N or P. Wetland salinification can drive shifts in microbial community composition
at all levels of taxonomy (Weingarten et al., 2020), so I hypothesize that experimental depression
of enzyme activity was due to the combined effects of compositional change, favoring
halotolerant species that vary greatly in metabolic rate (Magalhães et al., 2005, Antheunisse et
al., 2007, Wu et al., 2008), and a general stress response of any remaining mesophiles.
The activities of β-glucosidase, NAGase, and phosphatase were each significantly higher
in the surface fraction of sediment versus 30 cm deep, consistent with earlier studies (Wright &
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Reddy, 2001, Kim et al., 2018), likely due to the greater availability of nutrient-rich detritus.
However, it should be noted that a number of studies have found higher enzymatic activities in
substrata (Senga et al., 2015, Shao et al., 2015, Steinmuller et al., 2019) and it is likely that in
different systems activity variation by depth will be inversely proportional to biologically
available C/N/P, secreted at greater rates when labile nutrient pools are low. As observed in other
studies, increased water temperature generally provided strong stimulation for enzyme secretion
(Zak et al., 1999, Freeman et al., 2004, Inglett et al., 2012). More unusually, β-glucosidase
activity differed by both latitude and longitude. A latitudinal effect has been observed previously
(Kang & Freeman, 2009, Wu et al., 2009), but was tied to temperature differences. Here, βglucosidase activity was actually favored in the northernmost site in the study, the latitude effect
was independent of the measured water temperature, and temperature would be unlikely to
generate any longitudinal effect. Thus, it is likely that this biogeographic variation is due to
unmeasured, stochastic sediment variability.
An important caveat to the experimentally-driven results are that significant differences
were found between microcosms before treatments were applied. Prior to treatment application,
sediments were pooled, homogenized, and randomly distributed to pre-sterilized beakers. All
replicates were initially acclimated to laboratory conditions while provided site-collected water
with no amendments. The only unintended manipulation the authors can conceive is uneven light
and/or heat distribution in the incubator. However, beakers were redistributed throughout the
incubator at multiple points throughout the experiment. I believe it is more likely that the
observed statistical differences at the beginning of the experiment are primarily driven by the
large number of replicates in the dataset. In this case, determining enzymatic responses to
salinity and nutrient amendment is better determined by comparing effect sizes on each day and
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PCA ordinations within each treatment group. From these it is clear that the high salinity
treatment had the most observable and restrictive effect on overall enzyme activity, in agreement
with the field-collected data. Suppression of β-glucosidase, NAGase, phosphatase, and especially
phenol oxidase activity was greatest in the high-salinity treatment through the first 100 d of the
experiment, similar to the findings of Servais et al. (2019) who show decreased enzyme activity
over a 741 d exposure to salinity and P addition. While overall enzyme activity recovered
somewhat on day 300, the apparent rebound was not consistent by either enzyme type or
experimental group. β-glucosidase and phosphatase activity were consistently greater in the low
salinity treatment, and peroxidase activity consistently lower through the first 100 d before I
observed large reshuffling on day 300. I believe this is confirmatory of the same random effects
which caused variation on day 0. Through the first 100 days, water was changed and re-treated
every 20 d, while it was only refreshed twice through the final 200 d. This could be an important
indication that continuous exposure to salinity may have a much stronger impact on sediment
microbial activity than finite pulses due to storm surge or drought (Chambers et al., 2013,
McKee et al., 2016). Long-term wetland manipulation has recently revealed that constant salinity
elevation generates major biogeochemical disruptions, including porewater Cl- elevation,
porewater nutrient enrichment, loss of plant biomass, and submergence of surface elevation,
none of which are reproducible with only pulses of salinity (Herbert et al., 2018, Widney et al.,
2019, Solohin et al., 2020). I suggest adding extracellular enzyme activity to the group of
wetland processes affected by long-duration, rather than ephemeral salinification. I thus conclude
that the incongruent activities observed on day 300 are not simply an adaptation to salinity, but
were instead a response to the switch from continuous salinity to pulsed salinity, as is clear from
the day 300 samples grouping farther from, rather than closer to, day 0 in the PCA. Essentially,
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when left undisturbed for the final 200 d of the experiment, the sediment microbial community in
the microcosms may have adapted to the conditions of the lab rather than to salinity or nutrient
amendment.
The principal finding that salinity depressed microbial enzyme activity overall supports
the notion that marsh area will likely expand in the near-term in response to saltwater intrusion,
with saltmarsh replacing fresher marsh, and coastal wetlands remaining net carbon sinks. Adding
to evidence drawn from sediment accretion rates (Craft, 2009, Schuerch et al., 2018, Solohin et
al., 2020), I conclude that decomposition is likely to decline with elevated salinity due to
decreased depolymerizing enzyme activity. The exception of peroxidase, which was either
unaffected by or elevated with increasing salinity may represent a switch from more labile to
more recalcitrant carbon usage, likely driven by changes in bacterial or fungal community
composition. While activity was not affected by nutrient addition, indicating that wetland carbon
loss will be less impacted by coastal eutrophication than saltwater intrusion, it also implies that
wetland sediments responding to salinification may have less capacity to transform nutrient
pollution. With the potential exception of chitin, a lesser contributor to total wetland carbon and
a more recalcitrant form, I find that wetland decomposition rates by five depolymerizing
enzymes were restricted en masse by both actual and experimental salinity elevation.
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CHAPTER V
INDIRECT FLOODING FROM HURRICANES PERTURBS THE COASTAL WETLAND
MICROBIOME, BUT WITH A RAPID RECOVERY

Abstract
Storm surge has the potential to elevate salinity in coastal wetlands long after the landfall
of tropical cyclones, potentially altering the local microbial community. I tracked changes in the
structure and activity of the microbial community of a freshwater marsh impacted by three
tropical cyclone events, resulting in flooding and elevated salinity, but with no major wind or
tide damage. In all storms, sediment microbial composition and enzyme activity were disturbed
immediately after flooding, but returned to a state statistically indistinguishable from starting
conditions within one month. Inferring the effects of salinity pulses was complicated as sites
closer to freshwater sources experienced depressed salinity from river flooding, highlighting the
complex hydrologic influences on tidal marsh sediment. I conclude that indirect storm surge on
the edges of tropical cyclones causes only transitory changes to the wetland microbiome, which
is resilient enough to return to pre-storm conditions.

Introduction
Tropical cyclones can have severe and lasting impacts on coastal wetland stability
because of the direct physical impacts of wind and tidal forces, as well as through deposition of
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organic wrack and inorganic sediment and prolonged elevation of salinity (Morton & Barras,
2011). The acute effects of wind and tide shearing can disproportionately erode fresh marsh,
favoring expansion of saltmarsh after severe storms (Howes et al., 2010). More prolonged
impacts of sedimentation and elevated salinity may similarly affect the proportion of fresh to
saltmarsh, with sediment deposition that can exceed normal river efflux over an entire year
(Turner & Baustian, 2006, Williams, 2012, Bianchette et al., 2016), and salinity levels that can
remain elevated for months, altering the composition of emergent vegetation (Steyer et al., 2005,
Steyer et al., 2010, Middleton, 2016). While such sudden changes in wetland dynamics are
expected in the direct path of major cyclones, it is less clear how resilient coastal marshes are to
indirect exposure to storm inundation, without the physical stress of wind and wave action.
Coastal wetlands are critical barriers for storm protection, with many coastal areas
dependent on them for mitigation of damage that is expected to become more frequent with
intensifying cyclone activity during climate warming (Costanza et al., 2008, Knutson et al.,
2010, Barbier et al., 2013). Sea level rise has the potential to submerge marshes unable to
accumulate sediment rapidly enough, and saltwater intrusion threatens to replace fresh marsh
with saltmarsh over decadal timescales (Craft et al., 2009, Craft et al., 2012). However, tropical
cyclones can erode or reshape coastal morphologies in a single event (Liu et al., 2018). Beyond
their value as a natural levee, coastal wetlands are critical for the storage and remediation of
pollution, nutrient loads, and carbon (Kirwan & Megonigal, 2013). Removal of nitrate, the key
nutrient in the development of harmful algal blooms and coastal hypoxia is dependent on
microbial metabolism (Canfield et al., 2010), and whether marshes act as carbon sources or sinks
is largely dependent on sediment microbial activity (Hopkinson et al., 2012, Simpson et al.,
2017, Villa & Bernal, 2018).
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Hurricanes have been shown to alter terrestrial microbiomes, and experimental mixing of
freshwater and marine communities strongly favors marine taxa (Eaton et al., 2020, Rocca et al.,
2020), yet the effects of storm surge on the microbial communities in tidal marshes are
unexplored. Marsh migration due to sea level rise is likely to push saltmarsh landward and
potentially expand total wetland coverage in many coastal areas (Kirwan et al., 2016, Schuerch
et al., 2018), but at the expense of fresh and brackish marsh which may host greater microbial
diversity (Craft et al., 2009, Fu et al., 2019, Li et al., 2019, Weingarten et al., 2020, Zhang et al.,
2021). Coastal regime shifts are well described over the long-term processes of saltwater
intrusion and sedimentation changes (Junot et al., 1983, Wan et al., 2015, Teh et al., 2019), but it
is unknown whether storm surge may represent a tipping point for such changes, or how severe
storm effects must be to provoke such a shift. If storm flooding disturbs the wetland microbiome,
an incomplete recovery to pre-storm conditions may result in cascading changes to carbon and
nutrient cycling and permanent changes to marsh productivity, as has been observed in studies of
other disturbance events (Shade et al., 2012, Pearl et al., 2019).
I analyzed the sediment microbial community in a tidal fresh marsh on the Mississippi
Gulf Coast, USA, before and after Tropical Cyclones Cristobal, Laura, Marco, and Sally during
the 2020 hurricane season. Depending on the proximity of landfall to the sampling site, flooding
ranged from ~0.8 m with close landfall (Cristobal) to 0.07 m above pre-storm water level for less
direct impact (Sally). Across all storms, the archaeal and bacterial microbiome was significantly
disturbed immediately after flooding in terms of community richness, community composition,
and extracellular enzyme activity, but all measures of microbiome condition had recovered to a
near pre-storm state within 30 days. The effects of all storms were indirect, resulting in only
minor flooding and salinity pulses, with no major damage from winds or tidal forces,
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demonstrating that storm surge at the fringes of tropical cyclones is unlikely to drive lasting
changes to coastal sediment microbiota.

Methods
Sample Collection
Wetland sediment samples were collected from a mixed Cladium sp. and Juncus sp. fresh
marsh located within the Grand Bay National Estuarine Research Reserve near Moss Point, MS,
USA. Sediment was collected before and after four tropical cyclones that impacted the northern
Gulf Coast during summer 2020. These storms were Tropical Storm Christobal that made land
made landfall near Grand Isle, LA, on June 7 (National Hurricane Center Tropical Cyclone
Report AL032020), Hurricanes Marco and Laura, an unusual confluence of two major hurricanes
in close spatial and temporal proximity (Hurricane Marco passed near the mouth of the
Mississippi River on August 24, Hurricane Laura made landfall near Cameron, LA, on August
27; National Hurricane Center Tropical Cyclone Report AL142020), and Hurricane Sally that
made landfall near Gulf Shores, AL, on September 15 (National Hurricane Center Tropical
Cyclone Report AL192020). For Tropical Storm Christobal, sampling occurred 3 d before
landfall (on June 4) and 3, 10, and 30 after (on June 10, June 17, July 7). Flooding from
Hurricanes Laura and Marco was treated as a single storm event, and sampling occurred on
August 23 (1 d before Marco and 4 d before Laura), and August 29 (2 d after Laura and 5 d after
Marco). Subsequent sample dates overlapped with Hurricane Sally, and occurred on September
13 (2 d prior to Sally, 17 d and 20 d after Laura and Marco, respectively), and on September 19,
September 26, and October 7 (4 d, 11 d, and 22 d after Sally).
During each sampling, 10-15 sediment cores were collected from two or three of five
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sites (numbered 1-5) located within an ~5-hectare marsh area. Sampling effort was dependent on
local conditions and flood volume and/or storm damage prevented access to some sites on some
dates. Sites contained similar vegetation but experienced varied flooding according to their
proximity to an oxbow lake (Figure 26). Each core was ~30 cm deep and collected with an
ethanol-sterilized soil corer. Subsamples were taken from the top and bottom of each core while
in the field, stored in sterile centrifuge tubes, and returned to the lab either on ice for DNA
profiling or at ambient temperature for assays of extracellular enzyme activity. Water depth,
temperature, and salinity were recorded in triplicate at each site during each sampling
(temperature and salinity recorded using a YSI model 30, YSI Inc, Yellow Springs, OH).
DNA Extraction, 16S rRNA Gene Amplification, and Sequencing
DNA was extracted from all sediment core subsections using a Qiagen PowerSoil DNA
Isolation Kit (Qiagen, Germantown, MD, USA) following the standard protocol with the
addition of a 10 min incubation at 70 °C prior to bead beating. The V4 region of the 16S rRNA
gene was amplified using dual-indexed barcoding and the primers and procedures of Kozich et al
(2013). PCR reactions consisted of 1 µl of genomic DNA, 1 µl of each barcoded primer, and 17
µl of AccuPrime Pfx SuperMix (Life Technologies Corporation, Carlsbad, CA, USA). PCR
included a 95 °C hot start for 2 min, followed by 30 cycles of 95 °C (20 s), 55 °C (15 s), 72 °C (2
min), and final elongation at 72 °C for 10 min (Stone & Jackson, 2016). Amplicon
concentrations were normalized with a SequalPrep Normalization Plate Kit (Invitrogen
Corporation, Carlsbad, CA, USA). 16S rRNA gene fragments were sequenced on the Illumina
MiSeq platform at the Molecular and Genomics Core Facility of the University of Mississippi
Medical Center (Jackson, MS, USA) using the 500-cycle kit (251x251 PE reads).
Extracellular Enzyme Assays
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Figure 26. Map of five sampling sites in a fresh marsh at Grand Bay National
Estuarine Research Reserve near Moss Point, MS, USA. Sites were chosen along a
transect from seaward (site 5) to landward (site 4) and from closest to a freshwater
oxbow (site 3) to furthest away from permanent water (site 1). The farthest distance
between sites is ~500 m.
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The potential activities of five extracellular enzymes were assayed colorimetrically for
each sediment sample. Assays were performed within 24 h of collection with samples stored at
ambient temperature until processing. The activities of peroxidase and phenol oxidase
(depolymerize lignin), β-1,4 glucosidase (hydrolyzes cellulose), β-1,4-N-acetylglucosaminidase
(hydrolyzes chitin), and phosphatase (hydrolyzes phospholipids and phosphosaccharides) were
used to estimate microbial organic matter decomposition (Sinsabaugh et al., 2014, Pollegioni et
al., 2015). While in the field, ~5 ml of sediment was added to sterile 15 ml tubes avoiding the
inclusion of roots. Once in the lab, sample mass was determined and tubes were then hydrated
with 12 ml of sterile water and vortexed into a slurry. Substrates were prepared at the time of
processing as 5 mM 3,4-dihydroxyl-L-phenylalanine (L-DOPA) for peroxidase/phenol oxidase
assays, 5 mM p-nitrophenyl (pNP)-glucopyranoside for β-glucosidase assays, 2 mM pNP-β-Nacetylglucosaminidase for NAGase assays, and 5 mM pNP-phosphate for phosphatase assays
(Jackson et al., 2013, Rietl et al., 2016).
Enzyme assays were performed followed the methods outlined in Jackson et al. (2013).
Briefly, sediment slurries were pipetted into 96-well deep plates as four replicates (150 µl sample
slurry with 150 µl substrate solution) along with two sample controls (150 µl sample with 150 µl
sterile water) per each environmental sample, with an additional two substrate controls per block
(150 µl substrate with 150 µl water). After the addition of substrate, blocks were incubated at
ambient temperature for 1-4 hours, depending on the enzyme. Blocks were then centrifuged at
2,000x g for 10 min, 150 µl of supernatant was withdrawn from each well and transferred to the
corresponding well of an optically clear 96 well microplate, and absorbance was read using a
BioTek Synergy 2 microplate reader (BioTek Instruments, Winooski, VT).
The mean absorbance of the four replicates of each sample were calculated minus the
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means of the two sample controls and two substrate controls per plate. The mass per reaction
(g/150 µl) for each sample was calculated as the sediment mass in the initial slurry converted to
grams per ml x 0.15. This value was multiplied by the ash-free dry mass calculated for each
sample by loss-on-ignition (500 °C, 2 h) of dried (70 °C, 48 h) sediment. Final enzyme activities
were then calculated by the equation:
2) Enzyme activity = Final absorbance / [AFDM per rxn x rxn time (hours) x conversion factor]
The conversion factor for the pNP-linked substrates is 21.69. The conversion factor for
the L-DOPA-linked substrates is 3.347 (Jackson et al., 2013).
Sequence Data Pipeline and Generation of Amplicon Sequence Variants (ASVs)
Illumina sequencing data was processed using DADA2 (Callahan et al., 2016) and
adapted from version 1.16 of the published protocol. Forward reads were trimmed at 240 bp and
reverse reads at 200 bp, with a minimum length of 175 bp to maintain quality scores of ~30+.
Reads were pooled for inference of amplicon sequence variants (ASVs) (dada() function) .
Chimeras as well as merged sequences longer than 256 bp or shorter than 250 bp were removed.
ASVs were classified against training set 18 of the RDP database (Maidak et al., 2000). The final
ASV table was rarefied to the size of the smallest retained sample.
Statistical Analysis
A Bray-Curtis distance matrix was used to compare the composition of all samples using
a PERMANOVA. To resolve the effect of cyclone impacts over time, separate Bray-Curtis
matrices were constructed for each site and each sediment depth separately, with separate
PERMANOVAs performed on each matrix with the independent variables of storm identity and
time point. Distance matrices were derived using the phyloseq::distance() function in the
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phyloseq package (McMurdie & Holmes, 2013). PERMANOVAs were performed using the
adonis2() function in the vegan package (Oksanen et al., 2007). Differences in beta diversity
were visualized using NMDS ordination and the metaMDS() function in vegan with resulting 2D
stress scores of 0.109-0.111.
The effects of the measured physicochemical parameters on microbiome composition
were assessed with PERMANOVA. Centroids from NMDS ordinations for all salinities and
water depths were determined with the centroids() function (Ahdesmaki et al., 2015), with
distances between them correlated with salinity and depth using linear regression.
The phyloseq_coverage() and estimate_richness() functions in phyloseq were used to
compute sample coverage and the alpha diversity metrics: species observed, Chao1 richness,
Shannon diversity, and inverse Simpson diversity. The effects of the categorical predictors of
site, storm, and time point and the continuous predictors salinity, water temperature, and water
depth were calculated for each alpha diversity metric using a MANOVA. For those parameters
that had significant effects on a diversity metric, separate one-way ANOVAs were calculated and
Tukey post-hoc tests used to describe pairwise differences between levels of a parameter
(TukeyHSD() function, stats package).
MANOVAs were used to determine which phyla and genera changed in relative
abundance significantly from pre- to post-storm sampling points. An indicator species analysis
described those ASVs which significantly correlated with sediment from a single storm at a
single time (multipatt() function, 999 permutations, indicspecies package [De Caceres et al.,
2016]).
All (M)ANOVAs were checked for assumptions of normality and homogeneity of
dispersion. The DADA2 pipeline and all downstream statistics were performed in R version
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4.0.4.
The ASV table was screened for the presence of the methanogenic orders
Methanobacteriales, Methanococcales, Methanomicrobiales, Methanosarcinales, Methanopyrales
, Methanocellales, and Methanomassiliicoccales (Lyu and Liu, 2018) and the sulfate reducing
bacteria (SRB) described in Figure 4 of Muyzer & Stams (2008); of particular importance, the
families Desulfobacteraceae, Desulfobulbaceae, and Syntrophobacteraceae. The average
prevalence of those ASVs classified as methanogens or SRBs among the 10,000 most abundant
ASVs were grouped by collection date, and the relative abundance of the groups immediately
following storms were compared with other time points with separate t-tests for methanogens
and SRBs.
Enzyme activity was ordinated using principle components analysis (PCA) and the
relationship between activity and soil depth, cyclone, time point, organic matter, and salinity was
determined with PERMANOVA of a Euclidean distance matrix. The response of each enzyme
individually to OM, salinity, and time point were determined with separate MANOVAs.
Venn diagrams showing those ASVs which were shared between or unique to storms or
time points were produced using the ps_venn() function in the MicEco package. The heatmap
was constructed with the pheatmap package (Kolde & Kolde, 2015) with differential relative
abundance z-transformed. All other plots were constructed within the ggplot2 environment
(Wickham, 2016).

Results
Physicochemical Changes
The greatest storm surge was recorded following Tropical Storm Cristobal, with an
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increase in average water level of 0.82 m, compared with 0.14 m following Hurricane Laura and
0.07 m after Hurricane Sally. Site 3 which is closest to an oxbow lake experienced significantly
greater flooding than either site 4 (p=0.002) or site 5 (p=0.015), the northern and southernmost
sites (Figs. 26, 27). The relationship between water level and salinity was highly non-linear
(Figure 27B), with sample sites closer to freshwater sources experiencing less salinity elevation,
but greater flooding following storms. Higher flooding correlated negatively with water
temperature (p<0.001, R2=0.117, Figure 27C). There was a minor increase in organic matter
content with greater flooding in both the surface (p<0.001, R2=0.018) and subsurface (p<0.001,
R2=0.010), however, organic matter content was 36.7% higher in surface sediment overall
(p<0.001, Figure 27D).
Sequence Data Curation
Prior to cleanup, the dataset contained 7,635,520 sequences, which was reduced to
6,180,623 sequences (80.9% retention) following filtering, dereplication, ASV inference,
merging contigs, and removing chimeras. Two of the 272 samples contained <5,000 reads and
were removed. The remaining samples had a median sequence count of 21,921. Samples were
rarefied to the size of the smallest remaining sample, 8,148 sequences. After rarefaction 32,967
ASVs were retained.
Community Beta Diversity
Site (df=4, R2=0.120, F=14.3, p<0.001), sediment depth (surface vs. root depth, df=1,
R2=0.117, F=55.7, p<0.001), time point (number of days prior to or following storm effects,
df=3, R2=0.030, F=4.71, p<0.001), and cyclone (df=2, R2=0.018, F=4.22, p<0.001) all had a
significant effect on the composition of the wetland microbiome. With the intrinsic effects of site
and depth separated, the effects of cyclones (n=4, p<0.001) and time point (n=10, p<0.01) were
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Figure 27. (A) The average water levels recorded at five fresh marsh sites during three
tropical cyclones. (B) The fluctuation of salinity with water level (± SE). (C) Linear
regression of water temperature with flood depth. (D) Linear regression of organic
matter content in wetland sediment with changes in water depth. The %OM of surface
(red) and root zone sediment (blue) are shown separately, along with their explained
variability by water depth.

significant across all observations of sediment.
NMDS ordination revealed that the strongest shift in community composition occurred
between the pre-storm time point and the first sampling day after the storm event (Figure 28A).
At both the sediment surface and in the root zone, after an initial change in community
composition, the community began returning to pre-storm patterns by 10 days after each storm
for most sites (Figure 28B) and the microbial composition by day 30 was largely
indistinguishable from pre-storm conditions.
The direct physicochemical effects of salinity (df=1, R2=0.012, F=3.41, p<0.001), water
depth (df=1, R2=0.009, F=2.63, p=0.002), and water temperature (df=1, R2=0.008, F=2.19,
p=0.006) were likewise significant. Salinity had a weak negative correlation with community
dissimilarity (R=-0.24, p=0.27, Figure 28C) where small increases in salinity (e.g. from 0 ppt to
3 ppt) led to greater community disruption than continued saltwater intrusion in higher salinity
sites (e.g. from 9 ppt to 12 ppt). Flood volume had a stronger effect on sediment microbial
communities, with the larger flooding associated with Tropical Storm Cristobal disrupting
composition more than the other storms with less severe flooding (R=0.38, p=0.097, Figure
28D).
Alpha Diversity
As with beta diversity, all four measures of alpha diversity differed between surface and
root zone sediment (p<0.001), site (p≤0.004), cyclone (p<0.001), and time point (p≤0.02, Figure
29). Species observed, the Chao1 index, and Shannon diversity had a similar response to storm
effects over time as beta diversity, changing following storms (comparison to pre-storm
conditions, p≤0.005), becoming more similar to pre-storm conditions by ~10 days after the storm
(p=0.022-0.084), and returning to nearly identical conditions by 20-30 days post-storm (p=0.529107

Figure 28. (A) NMDS ordination of a Bray-Curtis dissimilarity matrix showing the
microbial composition of coastal wetland sediment before and at 1-4 time points 2-30 days
after three tropical cyclone events (Cristobal, Laura, Sally) in 2020. Sediment was collected
from five sites from both the marsh surface and 30 cm-deep root zone. (B) The change in
community dissimilarity from ~3 d before flooding to between 2 and 30 days after. The
centroids for each site and each sediment depth were calculated from the same Bray-Curtis
matrix, and the distance between each time point and its previous time point is shown
(beginning at 0 for the pre-storm time point). (C) Correlation between overlying water
salinity and sediment microbial community dissimilarity. The centroid for each discrete
salinity value recorded is shown, minus the Bray-Curtis distance from the previous salinity
value (the lowest salinity value is not shown). (D) The correlation between water depth and
sediment dissimilarity. The centroid for each discrete water depth recorded is shown, minus
the Bray-Curtis distance from the previous depth (the lowest recorded water depth is not
shown).
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Figure 29. Alpha diversity of microbial communities in coastal wetland sediment
before (Pre-) and after (Post-) indirect flooding from three tropical cyclone events
(Cristobal, Laura, Sally) in 2020. Sediment was collected from the wetland surface and
the 30 cm-deep root zone ~3 d prior to landfall and subsequently 2-30 days after. (A)
Observed species richness, (B) Chao1 richness, (C) Shannon diversity, and (D) Inverse
Simpson diversity.
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0.632). No significant pairwise differences were observed for Inverse Simpson diversity, but the
overall relationship was the same (Pre-Post 1: p=0.272, Pre-Post 2: p=0.473, Pre-Post 3:
p=0.875). For each alpha diversity metric, water temperature was the most influential
physicochemical factor (p<0.001-0.027), while neither water depth (p=0.048-0.998) or salinity
(p=0.463-0.989) had strong effects.
Changes in Community Composition
Fourteen phyla and Proteobacterial classes accounted for ~75% of total sequences
(Figure 30A): Acidobacteria (11.2%), Deltaproteobacteria (10.5%), Chloroflexi (8.2%),
Alphaproteobacteria (7.6%), Verrucomicrobia (6.5%), Euryarchaeota (5.9%), Planctomycetes
(5.6%), Crenarchaeota (4.4%), Betaproteobacteria (4.4%), Bacteroidetes (2.1%),
Thaumarchaeota (2.0%), Gammaproteobacteria (2.0%), Spirochaetes (1.9%), and Firmicutes
(1.9%). An additional 16% of sequences were unclassified at the phylum level. Major taxa which
increased in their representation in the dataset following storms included Acidobacteria
(p=0.001), Planctomycetes (p<0.001), Thaumarchaeota (p=0.002), and Verrucomicrobia
(p=0.005, Figure 31A). Bacteroidetes (p=0.002), Chloroflexi (p=0.013), Deltaproteobacteria
(p=0.023), Euryarchaeota (p=0.020), and Gammaproteobacteria (p=0.003) all decreased in their
relative abundance following storm floods. The mean percent change from pre-storm to
immediately post-storm among those major taxa was 19.0%, while the difference in relative
abundance from pre-storm to the final sampling point had dropped to 10.7%
27.7% of sequences were identified to the genus level and 21 genera accounted for >15%
of the total dataset (Figure 30B). Aquisphaera (p<0.001), Desulfatiglans (p=0.002), Gaiella
(p<0.001), Ktedonobacter (p<0.001), and Methanothrix (p=0.036, Figure 31B) each increased in
relative abundance immediately after storms, while Aggregatilinea (p<0.001), Pseudolabrys
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Figure 30. (A) Archaeal and bacterial phyla, as well as Proteobacteria classes which
comprised >75% of the total 16S rRNA amplicons sequenced from coastal wetland
sediment before and after three tropical cyclones. (B) Microbial genera which made up
>15% of the total dataset (27.7% of sequences were identified to the genus level)
across each storm and all sites from 3 d before to 30 d after flooding.
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Figure 31. The change in relative abundance of archaeal and bacterial phyla and
Proteobacteria classes (A), as well as genera (B) identified from 16S rRNA sequences
collected from fresh marsh sediment before and at three time points up to 1 month after
flooding from three tropical storms.
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(p=0.028), Methanobacterium (p=0.022), Methanolinea (p=0.022), and Thermomarinilinea
(p=0.019) decrease in relative abundance following stroms. Disruption to overall genus-level
relative abundance immediately following storms averaged 34.4% while by day 20-30, that
effect was reduced to 18.0%.
Sediment collected after each storm contained similar amounts of unique ASVs:
Cristobal (17%), Marco/Laura (10%), and Sally (20%, Figure 32A). 40% of ASVs were
identified in ≥80% of samples collected from all three storms. Following the same trend as both
beta and alpha diversity, the greatest number of shared ASVs between time points was between
pre-storm sediment and the final samples collected 20-30 days later (Figure 32B). Of those most
common ASVs, only 36% appeared immediately following storms, while 72%, 53%, and 73%
were recorded from pre-storm, post-storm 2, and post-storm 3 sampling points, respectively.
An indicator species analysis revealed ASVs assigned to the genera Methanolinea and
Methanomassiliicoccus, both methane-producing Archaea, as significantly correlated with
wetland sediment prior to cyclones Cristobal and Marco/Laura (Figure 32C). However, a
separate Methanomassiliicoccus as well as a Methanothrix were identified as indicators of
communities following Sally 3- and 10-days post-storm, respectively. A single SRB (identified
as belonging to Desulfobacteraceae) was found to be an indicator of sediment 20-days after
Sally. Overall, sequences assigned to both methanogenic (p=0.003) and sulfate reducing taxa
(p<0.001) were significantly lower in relative abundance ~3 days after cyclone impacts than at
any other time point before or after flooding (Figure 32D).
Extracellular Enzyme Activity
Depth was the strongest predictor of enzyme activity (df=1, R2=0.227, F=99.8, p<0.001),
being much higher in the root zone (Figure 33), so separate distance matrices were calculated for
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Figure 32. (A) The percentage of ASVs shared between sediment samples collected
immediately after Tropical Cyclones Cristobal, Laura, and Sally. (B) The percentage of
ASVs shared between sediment samples collected before (1) and at three time points (24) after storms, between 2 and 30 days later. (C) Heatmap of the relative abundances of
all ASVs which were identified as indicator taxa for each storm at each time point. The pvalue of each indicator is shown (*** = p<0.001, ** = p<0.01, * = p<0.05). The lowest
taxonomic level assigned to each ASV is appended with its rank-abundance. Values have
been z-transformed. (D) The change in relative abundance of all ASVs identified as
methanogenic or sulfate-reducing taxa across each sampling date (± SE). The date of each
storm event is italicized.
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Figure 33. The activities of five extracellular enzymes measured at ten time points
before and after flooding from three tropical cyclones. The dates of each storm are
italicized. Activities recorded in surface and root zone sediment are log-transformed (±
SE).
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surface and root zone samples separately. Enzyme activity in surface sediment differed between
storms (df=2, R2=0.026, F=4.99, p=0.007) but unlike community composition, did not differ
between individual time points (df=3, R2=0.008, F=1.06, p=0.409). Enzyme variability with
salinity was significant but weak (df=1, R2=0.036, F=15.7, p<0.001), with peroxidase activity
alone being significantly lower at high salinity (p=0.036, Figure 34A).
Activity was more variable in the root zone compared to the marsh surface, where
activities were relatively similar throughout all sampling events (Figure 34B). Post-storm activity
at the marsh surface differed mainly in increased peroxidase and phenol oxidase activity for
Cristobal, but with lower activities of those same enzymes after Marco/Laura (Figs. 35A and
35B). There was no clear change in activity over time during Hurricane Sally (Figure 35C).
There were clearer changes in enzyme activity in the root zone, with differences between storms
(df=2, R2=0.065, F=9.75, p<0.001) and time points (df=3, R2=0.081, F=8.17, p<0.001). All
enzyme activities increased post-storm following Cristobal (Figure 35D) and Marco/Laura
(Figure 35E), but, as in surface sediment, showed little change following Sally (Figure 35F).

Discussion
Despite the three storm events ranging from a weak tropical storm (Cristobal) to a
powerful category 4 hurricane (Laura) and making landfall from 75 to 500 km from where
samples were collected, there was a consistent increase in microbial community dissimilarity
immediately following storm effects. However, these subsided quickly and by approximately 1030 days later, sediment microbial communities had returned to a similar composition as before
storm arrival. This supports previous findings of a shift in bacterial composition in aquatic
systems following storm tide events (Amaral-Zettler et al., 2008). However, in contrast with
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Figure 34. (A) The activities of five extracellular enzymes in marsh sediment in
response to salinity levels ranging from fresh to brackish conditions (ln(x) ± SE). (B)
PCA ordination of the activities of β-glucosidase (B.Gluc), peroxidase (Per), phenol
oxidase (P.O.), phosphatase (Phos), and NAGase (NAG) in the wetland surface and
root zone. Ellipses contain 70% of their constituent data points. Rays are directional for
higher enzyme activities.
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Figure 35. (A) PCA of the activities of β-glucosidase (B.Gluc), peroxidase (Per),
phenol oxidase (P.O.), phosphatase (Phos), and NAGase (NAG) recorded in surface
sediment of a freshwater marsh during Cyclone Cristobal, (B) Laura, (C) and Sally. (D)
PCA of enzyme activity in the root zone during Cristobal, (E) Laura, (F) and Sally.
Samples were collected ~3 d prior to storms and again between 2 and 30 d after.
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studies that suggest that longer term salinity exposure associated with sea level rise may
permanently alter the microbial community (Jackson & Vallaire, 2009, Nelson et al., 2015,
Neubauer et al., 2019), the limited salinity pulses I observed generated only ephemeral effects.
Previous observations of biogeochemical and land-cover responses to stronger, more
direct storm impacts show a more permanent effect. Following Hurricanes Katrina and Rita,
there was significant wetland erosion along the Louisiana coast, particularly from fresh marshes
(Howes et al., 2010). This was attributed to the shallower root structure of fresh marsh
macrophytes compared to those in higher salinity wetlands, resulting in reduced tolerance of tidal
forces. The influx of marine sediment into coastal wetlands during storms can deposit carbon in
quantities equivalent to a years’ worth of background accumulation, reducing soil respiration for
months to years (Breithaupt et al., 2020). However, I observed minimal organic matter
deposition from the storms here, and the wetland sampled only received minor flooding. Salinity
was little changed over time and correlated weakly with flood volume, being diluted by large
freshwater inputs from river discharge. As seen in the Florida Everglades (Williams et al., 2008),
heavy rainfall and riverine inputs associated with tropical cyclones can dilute and overcome
saltwater intrusion from tides, resulting in only short-lived changes to sediment biogeochemistry.
Indeed, water depth had a stronger correlation with microbial community dissimilarity than
salinity, which generated more dissimilarity at lower levels of saltwater intrusion (e.g. from 0 ppt
to 1 ppt) than when salinity was already high (e.g. from 9 ppt to 12 ppt). It is likely that the
stronger effect of flood depth also co-varies with untested variables such as shear strength or
nutrient deposition, which could also affect microbial community structure.
Unlike the prediction that storm tides would, at least temporarily, increase the diversity of
sediment microbial communities, I observed little change in alpha diversity from one time point
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to the next. Following storms, sediment microbial communities tended to have slightly lower
richness and diversity, particularly in the root zone. This may be similar to what was observed in
tropical forest soils following large nutrient inputs from canopy material after a hurricane (Eaton
et al., 2020). Although I did not measure sediment nutrient concentrations outside of soil organic
matter, influx from either river detritus or marine sediment could favor heterotrophic taxa able to
exploit those resources while they are available, a pattern seen in soils in response to ephemeral
nutrient pulses (Reche et al., 2009). Reduced alpha diversity in subsurface soil has been observed
because of pH depression as a result of nitrogen amendment (Ling et al., 2017, Wang et al.,
2018), but it is unclear if a similar interactive effect could occur during hurricane events.
Regardless, alpha diversity mirrored the pattern of beta diversity, with a steady return to the prestorm state over time and a near-full recovery within one month.
Overall taxonomic composition was similar to previous studies of fresh marsh, with
Acidobacteria and Deltaproteobacteria dominating with relative abundances >10% of the total
community (Wang et al., 2012, Yao et al., 2019). Bacteroidetes are typically minor contributors
to fresh marsh sediment while being major components of saltmarsh (Dini-Andreote et al., 2014,
Lv et al., 2014, Weingarten et al., 2020), and were consistently rare members here. The dilution
of saltwater intrusion by increased river flow confounded the hypothesis that storms would
increase the proportion of sulfate reducers to methanogens. Methanogenic Archaea are common
in freshwater sediments but their numbers decrease with elevated salinity (Cao et al., 2013,
Webster et al., 2015, Yang et al., 2018) and the relative abundance of these taxa decreased
following storm inundation here. However, I did not observe a corresponding increase in the
relative abundance of SRB, which has been previously seen in response to saltwater intrusion
(Nelson et al., 2015, Herbert et al., 2018). Regardless, at both phylum and genus levels,
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dissimilarity compared to pre-storm conditions had dropped ~50% within one-month, further
evidence of a rapid recovery following these storm events.
Similar to prior studies (Senga et al., 2015, Shao et al., 2015, Steinmuller et al., 2019),
the activities of all measured enzymes were much higher in root zone sediment than at the
surface, although variations in microbial activity with soil depth can differ greatly between
environments (Wright & Reddy, 2001, Kim et al., 2018). Continuous salinity elevation that
would be expected from sea level rise can lead to major changes to porewater element and
nutrient composition, plant biomass, and soil accretion that short-term salinity pulses are
insufficient to produce (Herbert et al., 2018, Widney et al., 2019, Solohin et al., 2020). Salinity
here was only weakly tied to flood volume and did not produce consistent responses in sediment
enzyme activity. Steinmuller et al. (2019) suggest that inundation may promote microbial
activity by mixing previously anaerobic sediment with oxygenated water and this may apply
here. Enzyme activity increased following Cyclones Cristobal and Marco/Laura which produced
greater flooding, while there was little change after Sally, which produced minimal flooding at
these sites. Additionally, those increases were stronger in the root zone, an environment that is
likely to be anaerobic prior to a flood event. However, as with community composition, enzyme
activity at the marsh surface changed minimally with storm effects, suggesting that weak storms
did not generate lasting effects in microbial activity.

Conclusions
Three tropical cyclone events that impacted the Mississippi Gulf Coast generated up to
0.8 m of flooding and increased salinity up to 10 ppt in a freshwater emergent marsh. Sediment
archaeal and bacterial communities were significantly perturbed following storm impacts, but
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returned to near pre-storm composition within one month. Alpha diversity was significantly
lower after flooding but, as with beta diversity, recovered quickly after water receded. Species
richness and sediment organic matter content were greater at the marsh surface than in the root
zone, but overall microbial activity, inferred by five extracellular enzymes, was higher and more
variable in the root zone. Enzyme activity was elevated after flooding, possibly due to an influx
of organic matter or oxygenated water, but levels at the end of hurricane season were ultimately
similar to those observed from the first storm. The weak, indirect effects of storms at this site
likely arose from short-term inundation that, free of substantial storm surge, tidal force, and
influx of marine sediment from direct landfall, was insufficient to cause permanent changes to
the marsh microbiome.
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CHAPTER VI
MICROBIAL COMMUNITIES IN SALTPAN SEDIMENTS SHOW TOLERANCE TO MARS
ANALOG CONDITIONS, BUT SUSCEPTIBILITY TO CHLORIDES AND
PERCHLORATES

Abstract
Brines at or near the surface of present-day Mars are a potential explanation for
seasonally recurring dark streaks on the walls of craters, termed recurring slope lineae (RSL).
Deliquescence and freezing point depression are possible drivers of brine stability, attributable to
the high salinity observed in Martian regolith including chlorides and perchlorates. Investigation
of life which may inhabit RSL, and the cellular mechanisms necessary for survival, must
consider tolerance of highly variable hydration, freeze-thaw cycles, and high osmolarity in
addition to the anaerobic, oligotrophic, and irradiated environment. I propose the saltpan, an
ephemeral, hypersaline wetland as an analog for putative RSL hydrology. Saltpan sediment
archaeal and bacterial communities showed tolerance of Mars-analogous atmosphere, hydration,
minerology, salinity, and temperature. While active growth and a shift to well-adapted taxa were
observed, susceptibility to low concentration chloride and perchlorate addition suggested such a
composition was insufficient for protective water stability relative to added osmotic stress.

Introduction
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The prime candidates for habitability of planets and satellites outside of Earth are those
which may contain stable water reserves. Ceres, Enceladus, and Europa may contain extant
subsurface oceans beneath thick ice crusts and Pluto may have had a similar body of water at one
time (Walker & Schmidt, 2015, Combe et al., 2016, Nimmo et al., 2016). However, Mars is the
only other body in the solar system which may allow for liquid water at its surface. While there
are multiple hypotheses for their origin (Dundas et al., 2017, Schmidt et al., 2017, Gough et al.,
2020, Stillman et al., 2020), recurring slope lineae (RSL) may be evidence for shallow water
deposits which go through cycles of freeze (when not present) and thaw (when observed, Ojha et
al., 2015, Edwards & Piqueux, 2016, Abotalib & Heggy, 2019). The seasonality of RSL activity,
appearing during the Martian summer and retreating during the winter, lends support to an
aqueous origin (McEwen et al., 2011, Stillman & Grimm, 2018), and this activity mirrors the
seasonal patterns observed for surface methane, which has been hypothesized to have a
metabolic source (Webster et al., 2018).
Mars possesses large reserves of water ice at its poles (Smith et al., 2016), but for liquid
water to exist at the surface where average equatorial ground temperatures range from
approximately -65°C to -35°C, a eutectic system must form which can substantially lower the
freezing point (Martínez et al., 2017, Wilks et al., 2019). The detection of high concentrations of
perchlorate salts has been proposed as a mechanism of both freezing point depression and
deliquescence, drawing trace humidity out of the atmosphere (Navarro‐González et al., 2010,
Nuding et al., 2014). Mars-relevant models have shown Ca, Mg, and Na perchlorates to have
eutectic temperatures of -74°C to -34°C, demonstrating the possibility for liquid water to persist
for at least a portion of the year (Marion et al., 2010). Brines are likely to be the only reservoir
for extant life on Mars, but any such organism would encounter perchlorate toxicity (Bardiya &
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Bae, 2011) and osmotic stress, in addition to the anoxic, hypobaric, oligotrophic, and highly
irradiated conditions in even the most optimistic regions of the Martian surface.
Terrestrial brines which experience wet-dry cycles (matric/osmotic stress, Stevens et al.,
2019) are rare, but can be found in ice sheets and salt lakes (Kuo et al., 2011, Li et al., 2016). A
largely unexplored analog for Martian brine flows is the saltpan, a class of ephemeral and
hypersaline wetland. These marshes experience hydration solely by periodic flood events, most
frequently storm surge. When water evaporates, dissolved salts remain and over time concentrate
and form unvegetated crusts with salinities often >200 ppt (Peterson et al., 2007), primarily
composed of sodium chloride (Marazuela et al., 2019). Previous studies of natural carbonate and
chloride brines reveal diverse microbial taxa actively metabolizing, often exploiting mineral-rich
sediment by reducing carbon dioxide, iron, nitrate, sulfur, and even perchlorate directly (Mikucki
et al., 2007, Murray et al., 2012, Papale et al., 2019, Heinz et al., 2020, Pal et al., 2020, Zhao et
al., 2020). Isolates recovered from hypersaline environments have revealed Archaea (Laye &
DasSarma, 2018), Bacteria (Billi et al., 2021), as well as some Eukaryotes (Heinz et al., 2020)
which can survive exposure to Mars-like conditions, but very few studies have demonstrated the
whole microbiome response of a Mars analog environment to matric/osmotic stress which could
be expected in RSL.
I collected sediment cores spanning the surface and shallow subsurface of a saltpan in
both the dry and hydrated state. Whole sediment was mixed with a Mars regolith simulant,
amended with chloride and perchlorate salts, and incubated under a CO2 atmosphere at Mars’
equatorial minimum, mean, and maximum temperatures for 63 days. Microcosms were most
dependent on whether the source culture was collected from the surface or subsurface and
secondarily by the hydration state at the time of collection. However, both survivorship and
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community alpha diversity revealed high tolerance of Mars analog conditions, with 16S rRNA
gene sequencing data containing an abundance of extremophilic taxa, particularly halophiles,
which increased in abundance relative to mesophiles commonly found in soil and sea water. The
primary limitation to survival was likely total osmolarity, rather than toxicity of a particular
perchlorate species. Terrestrial analogs for the hydrologic environment in putative RSL, in
addition to the atmospheric, geochemical, and radiation environments more often considered, are
informative of the requirements for extant life in RSL, as well as of the contamination risk in
exploring Mars special regions.

Materials and Methods
Saltpan Site Properties and Sample Collection
Sediment was obtained from a saltpan wetland located within the Grand Bay National
Estuarine Research Reserve near Moss Point, MS, USA. Salinity at the wetland surface ranges
from 10-50 ppt and from 10-40 ppt in the subsurface, depending on hydration conditions
(Peterson et al., 2007). At the time of sample collection, salinity was 14.7-25.6 at the surface and
13.6-14.9 in the subsurface. A full summary of site conditions is provided in Weingarten et al.
(2020).
Sediment cores were collected on June 18, 2018 and October 3, 2018, prior to and
following a flooding event caused by Tropical Storm Gordon which made landfall near
Pascagoula, MS, USA on September 5, 2018. Sediment cores were 30 cm deep with upper and
lower portions divided in the field and stored in sterile tubes on ice until return to the laboratory
where they were stored at -20°C.
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Mars Analog Experimental Parameters
One part saltpan sediment was added to one part MGS-1 Mars Global Simulant (CLASS
Exolith Lab, University of Central Florida, Orlando, Florida, USA) and amended with either 2
wt% Ca(ClO4)2, 2 wt% Mg(ClO4)2, 2 wt% Na(ClO4), 10 wt% NaCl, all salts combined, or no
salts added. All treatment combinations were duplicated. 10 g of each treatment combination was
mixed and added to a 13 x 100 mm culture tube. Samples were stored in a vacuum desiccator
with 100 g of CaCl2 at 20°C for 5 d. Dried sample tubes were transferred to an anaerobic jar and
oxygen was depleted using a BD GasPak EZ anaerobic pouch system with additional CO2 added
using a BD BBL CO2 gas generator pouch. Anaerobic and CO2 indicators were used to confirm
the change of atmosphere (BD, Franklin Lakes, New Jersey, USA).
After the initial 5 d drying step, samples were stored at -20°C for 21 d to approximate the
mean ground temperatures recorded by the Mars Science Laboratory (Curiosity) near the Martian
equator (Martínez et al., 2017). Samples were then thawed, the CaCl2 desiccant removed, and
samples stored at +27°C for 21 d to reflect the maximum surface temperature recorded by the
Mars Exploration Rover – B (Opportunity). During this incubation 100 ml of sterile water heated
to 40°C daily was added to a sleeve surrounding the sample tubes to elevate the humidity of the
chamber. Samples were then incubated at -80°C for 21 d with 100 g of CaCl2 as a desiccant to
model the average minimum ground temperature measured by the MSL.
After each 21 d incubation, 0.25 g of each sample was removed for DNA extraction. The
jar was then sealed, O2 purged, and CO2 generated with fresh anaerobic packs immediately after
each subsampling.

Monitoring Survivorship
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Spread plating was used to infer differential survivorship between the treatments. Media
was adapted from Matsubara et al. (2017) with 100 g NaCl, 10 g yeast extract, 7.5 g casein acid
hydrolysate, and 15 g agar added to 25 ml of 2 M Tris-HCl adjusted to pH 7.5, dissolved in water
and brought to 1 L, and amended with the correct perchlorate or NaCl salt concentration to
match the experimental conditions. Dilution buffer was prepared identically without the addition
of agar. On days 12, 24, 36, 41, 52, and 63, 1 g of each sample was withdrawn, diluted in 9 ml of
buffer, and spread onto the saline media plates. Plates were incubated at 20°C for 15 d before
colonies were counted.

DNA Extraction, 16S rRNA Gene Amplification, and Sequencing
DNA extraction, amplification, and sequencing followed the protocol previously
published in Weingarten et al. (2020). Briefly, extractions were performed using a Qiagen
DNeasy PowerSoil DNA Isolation Kit (Qiagen, Germantown, MD, USA). The V4 region of the
16S rRNA gene was amplified using dual-indexed barcoding with the procedures of Kozich et al.
(2013). Sequencing used 251x251 PE reads on the Illumina MiSeq platform and was performed
at the Molecular and Genomics Core Facility of the University of Mississippi Medical Center
(Jackson, MS, USA).

Sequence Data Curation and Creation of Amplicon Sequence Variants (ASVs)
Illumina sequencing data was processed using DADA2 (Callahan et al., 2016) and
adapted from version 1.16 of the published pipeline tutorial. Forward reads were trimmed at 250
bp and reverse reads at 225 bp where quality scores are ~30+. ASV inference was performed
with all samples pooled to retain low-abundance taxa. ASVs were classified against the RDP
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training set version 18 (Maidak et al., 2000). The final ASV table was rarefied to 1,000
sequences.

Statistical Analysis
The contributions of salt treatment, temperature and humidity manipulation, and depth
and hydration of source sediment to cultivable survivorship were assessed with an ANOVA.
Pairwise differences within each treatment were determined with a Tukey post-hoc test.
Sample coverage was assessed using the phyloseq_coverage() command in the
metagMisc package (Mikryukov, 2017). Alpha diversity was calculated using the
estimate_richness() command in phyloseq (McMurdie & Holmes, 2013). Separate ANOVAs
were performed on Chao1 index and inverse Simpson diversity to summarize the effects of depth
and hydration of the source sediment as well as the experimental effects of salt treatment and
temperature/humidity manipulation. Individual ANOVAs were also calculated for Chao1 and
inverse Simpson within the surface and subsurface samples separately. ANOVA with Tukey
post-hoc tests were used to determine if there were stepwise changes in alpha diversity in
response to changes in temperature and humidity levels in the separate salt treatments.
Bray Curtis (based on taxa relative abundance), Jaccard (based on presence-absence of
taxa), and Weighted UniFrac (based on relative abundances and phylogenetic relatedness of
taxa) distance matrices were constructed using the distance() function in phyloseq. A
phylogenetic tree was constructed using the phangorn package (Schliep, 2011). NMDS
ordination was performed using the metaMDS() command in vegan (Oksanen et al., 2007) with
two dimensions and a maximum of 500 random starts (2D stress scores were between 0.062 and
0.141). The effect of source sediment (surface vs. 30 cm deep and dry vs. hydrated) was
129

determined with PERMANOVA using the adonis2() command in vegan. NMDS results were
then subset into the four source types and assessed separately with both NMDS ordination and
PERMANOVAs. If a partitioned PERMANOVA showed significant effects of either salt
treatment or temperature and humidity conditions in the microcosm, pairwise PERMANOVA
was performed as a post-hoc test using the pairwise.adonis() command (Martinez Arbizu, 2020)
to determine which pairwise comparisons may have differed (Krishnan et al., 2019).
Indicator species analysis was performed using the multipatt() command in the
indicspecies package (de la Vega et al., 2007) with 9,999 permutations. Core microbiota within
each sediment depth/hydration combination were detected using the prevalence() command in
the microbiome package (Lahti et al., 2017) at a level of 0.1% in all replicates of a treatment.
Heatmaps were assembled with the pheatmap package (Kolde & Kolde, 2015) with taxa
abundances as Z-scores and hierarchical clustering based on Euclidean distance. Separate
MANOVAs were performed for each salt treatment to determine which phyla and genera
changed significantly in relative abundance over the course of the experiment (α=0.05).
All sequencing data processing and statistical analysis was performed in R version 4.0.2
and all figures were generated using ggplot2 (Wickham, 2016).

3. Results
Viable counts
Salt treatment (p<0.001), temperature/humidity manipulation (p<0.001), and depth of the
source sediment (p<0.001) all influenced the viable count of bacteria (Figure 36). Microcosms
treated with any of the three perchlorate salts individually performed similarly and did not differ
significantly from one another (Table 2). Perchlorate-treated samples had significantly lower
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Figure 36. Viable counts of bacteria over the course of a 63 d exposure to Mars analog
conditions. Bulk sediment collected from a saltpan in both a hydrated and desiccated
state and separated into surface and subsurface sections was dried, combined in a 1:1
mixture with Mars regolith simulant, and amended with either 2 wt% Ca(ClO4)2, 2 wt%
Mg(ClO4)2, 2 wt% Na(ClO4), 10 wt% NaCl, all salts combined (“All’) , or with no salt
added (“None”). Samples were incubated at -20°C for 21 d desiccated, +27°C for 21 d
with elevated humidity, and at -80°C desiccated for 21 d. Viable counts were
determined at the midpoint and endpoint of each temperature/humidity treatment on a
simple saline media adapted with the appropriate chloride/perchlorate concentration.
Trendlines show counts for each saltpan depth and condition. Error bars show standard
error (n=2 for all treatment combinations).
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Table 2. Tukey post-hoc results of an ANOVA comparing the viable counts of mixed
microbial communities exposed to Mars analog chloride and perchlorate for a period of
63 d. Samples were stored at -20°C for 21 d, +27°C for 21 d, and -80°C for 21 d.
Subsamples of each treatment combination were plated onto media adapted with the
appropriate salt for 15 d at 20°C before counting. Counts were determined at the
midpoint and end of each incubation period. Pairwise comparisons of measured growth
from
salt treatment and at each timepoint are shown with significance levels
Salteach
Treatment
denoted by All
asterisks.
Ca
Mg
Na
NaCl

Ca
<0.001***
Mg
0.011*
0.965
Na
<0.001*** 0.998
NaCl 0.973
0.009**
None <0.001*** <0.001***
Timepoints
12
24
24
1.000
36
0.511
0.350
41
0.980
0.926
52
<0.001*** <0.001***
63
0.011*
0.005**
p<0.001***, p<0.01**, p<0.05*.

0.802
0.100
<0.001***
<0.001*** <0.001*** 0.002**
36

41

52

0.912
0.162
0.582

0.010**
0.091

0.973
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survivorship than the group which received no added salt throughout the duration of the
experiment (p<0.001 for all pairwise comparisons). The group treated with 10% NaCl performed
similarly to the Mg(ClO4)2 group (p=0.098), which was the worst performer of the perchlorates.
No cultures were recovered from the group treated with all salts combined at any timepoint,
(p=0.973).
Each of the surface-collected groups had greater viable counts than either of the
subsurface groups (p=0.017). However, although overall counts on day 63 were lower than on
day 12 (p=0.011), the viable count within each of the four source sediments did not change
significantly over time in response to fluctuations in temperature and humidity.

Microbiome Composition
Prior to rarefaction, sequences totaled 1,161,494 with an average of 7,641 per sample.
5,788 total ASVs were detected. Samples were rarefied to 1,000 sequences which resulted in the
loss of 39/152 samples from the dataset (22 from the third timepoint, 13 from the second
timepoint and four from the initial -20°C incubation). Median sample coverage for the rarefied
data was 87.7%.
Eleven phyla and Proteobacteria classes, in addition to unclassified sequences, accounted
for >90% of the observed diversity (Figure 37A). The highest relative abundances were:
Gammaproteobacteria (16.4% of sequences), Alphaproteobacteria (11.7%), Planctomycetes
(11.5%), Actinobacteria (10.8%), unclassified (10.6%), Firmicutes (9.6%), Cyanobacteria
(4.5%), Chloroflexi (4.0%), Euryarchaeota (3.8%), Bacteroidetes (3.0%), Balneolaeota (2.4%),
and Acidobacteria (2.3%). 47% of sequences could be identified at the genus level, and 11
genera each accounted for ≥1% of total sequences for a combined 21.4%: Tautonia (5.2% of
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Figure 37. Phylum (A) and genus (B) level taxonomic composition of saltpan sediment
in natural conditions and after exposure to Mars analog temperatures and Ca, Mg, Na
perchlorates and sodium chloride for 63 d. Composition is inferred from 16S rRNA
gene sequences.
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sequences), Escherichia (5.0%), Sphingomonas (1.5%), Truepera (1.4%), Gaiella (1.3%),
Actinoallomurus (1.3%), Acinetobacter (1.2%), Soortia (1.2%), Pullulanibacillus (1.2%),
Alicyclobacillus (1.1%), and Sphaerobacter (1.0%, Figure 37B).

Alpha Diversity
Chao1 species diversity varied by depth of the source sediment (p<0.001), salt treatment
(p=0.001), and by temperature manipulation (p=0.008). Chao1 did not differ by the hydration
state of the source sediment (p=0.302). Similar results were observed for the inverse Simpson
index with significant differences between source depths (p<0.001), salt treatments (p<0.001),
and temperature (p=0.01), but with no effect of source hydration (p=0.716). When samples were
separated by the depth of the source material, both salt (p=0.054) and temperature (p=0.027) had
a significant effect on subsurface-derived abundance but not on surface-derived communities
(salt, p=0.404; temperature, p=0.099). Inverse Simpson diversity was affected only by salt
treatment in the surface samples (p=0.003) while subsurface samples were affected by both salt
(p=0.008) and temperature (p=0.003).
Both Chao1 and inverse Simpson metrics of alpha diversity were significantly higher in
the surface samples than in the subsurface samples for Mg(ClO4)2 (p<0.001), NaClO4 (p between
<0.001 and 0.016), and combined salinity treatments (p between <0.001 and 0.019, Figure 38).
Chao1 and inverse Simpson diversity increased in the Ca(ClO4)2 treatment between -20°C to
+27°C conditions (p between 0.021 and 0.043). Inverse Simpson diversity increased in the NaCl
treatment between ambient salt pan conditions and -20°C (p=0.02). This was in addition to a
general trend where alpha diversity increased over the course of the experiment, but no other
stepwise differences in temperature generated statistically significant effects. Chao1 was 24-70%
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Figure 38. Alpha diversity of prokaryotic communities in saltpan sediment exposed to
Mars analog conditions after exposure to -20°C, +27°C, and -80°C temperatures to
model Mars’ average, maximum, and minimum conditions near the equator where RSL
are most active. The Chao1 species richness estimator (A) and Inverse Simpson
diversity metric (B) were derived from 16S rRNA gene sequences. Saltpan sediment
was exposed to either calcium, magnesium, or sodium perchlorate, sodium chloride, all
salts combined, or with no salt added for 21 d at each temperature. Error bars reflect
standard error (n=3-8). Diversity under initial saltpan conditions are shown as the first
columns of each plot.
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higher at the end of the experiment than it was initially, depending on the salt treatment, while
inverse Simpson diversity was between 11-40% higher.

Beta Diversity
Source sediment depth (p<0.001), source sediment hydration (p<0.001), salt treatment
(p<0.001), and incubation temperature (p≤0.020) had significant effects on microbial community
composition for all three metrics of beta diversity (Figure 39). Dry surface sediment composition
was altered significantly by salt treatment (p<0.001), with Na(ClO4) (p=0.021, Bray-Curtis) and
NaCl treatment (p=0.042, Jaccard) differing from no salt addition (Figure 40). Hydrated surface
sediment composition varied with salt treatment (p<0.001). Ca(ClO4)2 (p≤0.042, Bray-Curtis &
UniFrac), Mg(ClO4)2 (p=0.042, Bray-Curtis), Na(ClO4) (p=0.042, Bray-Curtis), and all salts
combined (p=0.042, UniFrac) yielded microbial communities that differed significantly in
composition from the no salt samples. Additionally, the Na(ClO4) treatment differed from both
the Ca(ClO4)2 (p=0.042, Bray-Curtis) and NaCl treatment groups (p=0.042, Jaccard). Microbial
communities in the dry subsurface sediment were affected by both salt treatment (p<0.001) and
temperature variation (p≤0.025). Because of the loss of replication in some treatment groups due
to low sequence counts at the end of the experiment, pairwise PERMANOVA could not be
performed on the subsurface samples. Hydrated subsurface sediment microbial communities did
not differ by either salt treatment (p≥0.070) or variable temperature (p≥0.281).
Thirty ASVs were found to be indicators of the dry surface origin, while 13, two, and
four ASVs were indicators of the hydrated surface, dry subsurface, and hydrated subsurface,
respectively (α=0.05). Of those ASVs identified at the genus level, Gaiella, Halocalculus,
Roseithermus, Salinisphaera, Sphaerobacter, Stella, Truepera, Tumebacillus, and three ASVs
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Figure 39. Bray-Curtis (A) and Jaccard (B) beta diversity metric PCoA plots
representing the composition of saltpan sediment in natural conditions and following a
microcosm experiment modeling Mars atmospheric, hydration, mineralogic, osmotic,
and temperature conditions. Fill color represents the prokaryotic composition of the
source soil used for the experiment: the saltpan in the hydrated or desiccated state and
collected from the surface or the shallow subsurface. Circles are samples collected on
days 21, 42, and 63 of the experiment while squares are samples collected directly from
the saltpan prior to the Mars analog experiment.
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Figure 40. Beta diversity of the microbiome of saltpan sediment which was collected
in both a hydrated and dry state, from the surface and subsurface, blended with Mars
regolith simulant, and amended with Ca, Mg, and Na perchlorates and sodium chloride
to model expected conditions in recurring slope lineae. Community composition was
inferred from 16S rRNA gene sequencing of samples collected after sequential 21 d
exposures to Mars’ average (-20°C), maximum (+27°C), and minimum (-80°C)
temperatures in regions where RSL are most observed. Black diamonds reflect
composition observed naturally in the salt pan surface and subsurface when dry and
flooded. The Bray-Curtis metric is based on the relative abundances of amplicon
sequence variants (ASVs). Jaccard is based on presence/absence of ASVs. Weighted
UniFrac is based on relative abundances and phylogenetic relatedness of observed taxa.
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identified as Tautonia were characteristic of the dry surface sediment. Acidisoma, Clostridium,
Marinobacter, Peribacillus, two Sphingomonas, and Thioclava were indicators for the hydrated
surface sediment. A single Staphylococcus was an indicator for the dry subsurface saltpan
sediment while two Alicyclobacillus and Escherichia were indicators of hydrated subsurface
sediment. Eleven ASVs were present at 0.1% relative abundance across all dry surface samples.
Seven of the 11 were common to the indicator analysis. Five of the 11 were identified to the
genus level: Halocalculus, Salinisphaera, Soortia, Tautonia, and Truepera. None of the other
sediment sources contained a core microbiome.
Euclidean-distance hierarchical clustering reflected the same dominant effect of sediment
depth on the abundance of bacterial and archaeal phyla (Figure 41) and genera (Figure 42).
Surface samples clustered more distinctly by salt treatment type than by temperature, with
Ca(ClO4)2, Mg(ClO4)2, and NaCl treatments grouping together and Na(ClO4) and no salt
treatments forming separate nodes. There was no clear pattern to the clustering of the combined
salt treatment at either taxonomic level.
Within the combined salts treatment, Deltaproteobacteria and Ignavibacteriae increased
significantly over the course of the experiment, as did the genera Gaetbulibacter,
Altererythrobacter, Aureimonas, and Acidiferrimicrobium. Acinetobacter, Cloacibacterium,
Metabacillus, and Corynebacterium all decreased in abundance over time. Calcium perchlorate
treatment favored Alphaproteobacteria, Planctomycetes, Aquisphaera and Acidiferrimicrobium
while not significantly suppressing any taxonomic groups. Within magnesium perchlorate
sediment, Balneolaeota and Mycobacterium were favored while Paenibacillus and Metabacillus
decreased. There was no significant change within any taxa through the duration of the
experiment in the sodium perchlorate group. NaCl treatments increased in Planctomycetes,
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Figure 41. Distribution of archaeal and bacterial phyla in Mars analog saltpan
sediment, grown in Ca, Mg, and Na perchlorates and NaCl, and exposed to Mars
equatorial average (-20°C), maximum (+27°C), and minimum (-80°C) temperatures for
21 d each. Heatmap color palette represents Z-scores which are calculated by
subtracting the mean relative abundance of a given taxa from the actual relative
abundance in a given sample and dividing by the standard deviation. Clustering of
samples and taxa is by Euclidean distance. The depth of the source soil, the
chloride/perchlorate treatment, and the temperature condition are shown in the top three
rows of the figure. 89.4% of sequences were identified to the phylum level and the 27
most abundant phyla (and Proteobacterial classes) are shown.
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Figure 42. Distribution of archaeal and bacterial genera in Mars analog salt pan soil,
grown in Ca, Mg, and Na perchlorates and NaCl, and exposed to Mars equatorial
average (-20°C), maximum (+27°C), and minimum (-80°C) temperatures for 21 d each.
Heatmap color palette represents Z-scores which are calculated by subtracting the mean
relative abundance of a given taxa from the actual relative abundance in a given sample
and dividing by the standard deviation. Clustering of samples and taxa is by Euclidean
distance. The depth of the source soil, the chloride/perchlorate treatment, and the
temperature condition are shown in the top three rows of the figure. 47% of sequences
were identified at the genus level with all represented genera shown.
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Chloroflexi, Rhodothermaeota, Woesearchaeota, and Tautonia abundance. Planctomycetes and
Tautonia increased while Gammaproteobacteria abundance decreased in the control group with
no salt added (α=0.05).

Discussion
I demonstrated the responses of the community microbiome of a Mars analog
environment to Mars-relevant chlorides, perchlorates, temperatures, atmosphere, and hydration.
Despite deleterious effects of salinity exposure, cultivable bacteria persisted over the 63-day
experiment, similar to the maintained viability of prior analogs (Frösler et al., 2017, Schuerger et
al., 2017, Schwender & Schuerger, 2018). Survival of perchlorate treatments was significantly
lower than controls without added salts, which does not support eutectic maintenance of liquid
water as beneficial relative to the added osmotic stress. Total osmolarity appeared to be the
limiting factor as 10% NaCl addition was more restrictive than 2% perchlorate addition, and the
group given 2 wt% calcium perchlorate, 2 wt% magnesium perchlorate, 2 wt% sodium
perchlorate, and 10 wt% sodium chloride did not yield culturable bacteria at any point in the
experiment. It is notable that those concentrations are the most representative of measured
concentrations in situ near the Martian equator (Davila et al., 2010, Navarro‐González et al.,
2010). Rather than a loss of diversity, as has been observed previously (Zenoff et al., 2016,
Amaral-Zettler et al., 2011, Musilova et al., 2015, Mickol & Kral, 2016), a moderate increase in
alpha diversity of the prokaryotic community was likely attributable to an evening of the
community (which would increase inverse Simpson diversity) through the enhanced growth of
rare salt pan taxa tolerant to Mars analog conditions (which would increase Chao1).
After exposure to simulated Mars conditions, microbial communities in the four sources
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of saltpan sediment diverged from their compositions in their natural environment. Surface and
shallow subsurface communities differed markedly, a phenomenon which has been observed in
the saltpan under natural conditions (Weingarten et al., 2020). This is likely due to high
compaction and steep stratification of taxa because of redox chemistry (Ruser et al., 2006). The
most dissimilar community was recovered from microcosms inoculated with hydrated subsurface
sediment. These cultures exhibited the lowest viable counts and appeared to contain the poorest
adapted community members to the desiccated and chloride/perchlorate-rich regolith simulant.
This was expected from those sediments experiencing less salt exposure naturally. The relative
failure of the hydrated subsurface community in an Earth analog for RSL to matric/osmotic
stress does provide external validity to the subsurface Martian environment as the most likely
reservoir to find life (Checinska Sielaff & Smith, 2019). Surface sediments were better adapted
to the Mars analog environment by their regular exposure to a high chloride, high UV
environment and, most critically, more variable water availability.
As with viable counts, overall community structure was similar between the chloride and
perchlorate treatments, and those treatments differed compositionally from the control treatment
with no added salt. The composition of the combined salts group was the most dissimilar from
the control group, further demonstrating the compounding effect of added osmolarity. While
studies of monocultures have shown differing survival by toxicity of particular salt species
(Berry et al., 2010, Crisler et al., 2012, Al Soudi et al., 2017), this whole community approach
shows a more generalized salinity response. There was no significant effect of variable
temperature and humidity on microbial communities of saltpan surface sediments over the 63day experiment, revealing minimal influence of matric stress that would be expected in Mars
RSL. I do expect that exposure over a longer period would select for a smaller number of species
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tolerant to protracted desiccation (Beblo-Vranesevic et al., 2018), such as the observed
sequences identified as xerophilic Geodermatophilus (Montero-Calasanz et al., 2012). It was
difficult to make such statistical inferences about the survivability of the subsurface community
to matric stress due to low survivorship and the resulting low sequencing counts for those
samples, excluding them from beta diversity analysis.
The microbial community of saltpan surface sediments was typified by an abundance of
known extremophiles, contributing to increased survivorship. Among Archaea, sequences
identified as members of the common halophiles Euryarchaeota and Woesearchaeota (Abreu et
al., 2001, Oren, 2008) were proportionally more abundant in the surface, while sequences
identified as members of the archaeal phyla Crenarchaeota, Pacearchaeota, and Thaumarchaeota,
considered to have lower salt tolerance (Hollibaugh et al., 2014, Ortiz-Alvarez & Casamayor,
2015), were more prevalent in the subsurface. At the genus level, surface-derived samples
included the extremely halophilic Halocalculus. Salt tolerance was a common trait in the
surface-derived microbiome, including Salinisphaera previously isolated from brines (Antunes et
al., 2003), Halobacillus (Saum & Müller, 2008), and Aliifodinibus, recovered from a salt mine
(Wang et al., 2013). Several taxa, including Tautonia, Sphaerobacter, and Litoriliniea are known
thermophiles exhibiting optimal growth up to 65°C (Kale et al., 2013, Mathew et al., 2016,
Kovaleva et al., 2019), while Tumebacillus is a psychrophile, isolated from Arctic permafrost
(Steven et al., 2008). The persistence of thermophiles in cold environments has been documented
globally (Marchant et al., 2002), but they may be metabolically inactive, or show very slow
growth (Marchant et al., 2002, Hubert et al., 2009). Perhaps most important as analogs for
putative Martian life are polyextremophiles, previously recovered in environments such as
Antarctic stratovolcanoes where species face temperature and UV stress (Bendia et al., 2018). I
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observed sequences corresponding to several such taxa; Roseithermus, halo- and thermotolerant
(Teo et al., 2019) as well as Truepera, thermotolerant and highly radiation resistant
(Albuquerque et al., 2005).
Although less successful under Mars analog conditions as a community, those taxa which
were sustained in the subsurface may be the most appropriate models. The thermophile
Neobacillus (Tang et al., 2021) and acidophilic Alicyclobacillus (Jiang et al., 2008) are spore
formers, long used as Mars analogs (Moeller et al., 2012, Wassmann et al., 2012).
Alicyclobacillus is additionally an iron-oxidizer, while the acidophilic Acidiferrimicrobium has
been shown to reduce iron (González et al., 2020). Coupled iron oxidation – iron reduction has
been speculated as a likely metabolism in Mars regolith (Nixon et al., 2013).
The majority of Mars analog studies have relied on either in situ characterization of
extreme environments, or microcosm studies using stock cultures of known or suspected
extremophiles. The microcosm or mesocosm approach, as used here, is ubiquitous in the fields of
ecology and aquatic biology (Stewart et al., 2013) but has been surprisingly ignored for
application in astrobiology. Such agnostic screening for Mars analogs may reveal unexpected
taxa or novel mechanisms for tolerance of environmental extremes, and does not exclude noncultivable species (Vishnivetskaya et al., 2006).
I demonstrate the saline, ephemeral saltpan as a promising analog for the hydrology of
RSL. Among the multitude of environmental stressors at the Martian surface, unstable hydration
must be considered in the potential for RSL habitability. Saltpan microbial communities
remained viable and underwent a taxonomic shift toward lineages adapted to a 63-day exposure
to Mars analog chloride, perchlorate, temperature, atmosphere, and hydration conditions. I were
unable to demonstrate a benefit of perchlorate for potential freezing point depression or
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deliquescent water retention under the experimental parameters, likely due to the high cost of
osmotic stress relative to the minimal benefit of stable hydration in soil that may have retained
water even with the desiccation measures taken. Perchlorate, chloride, and/or sulfate
concentration an order of magnitude higher than demonstrated here may be necessary to produce
eutectic or deliquescent wetting (Gough et al., 2014, Stillman et al., 2016, Heinz et al., 2018),
possibly failing to reveal any advantage at lower concentration. However, I suggest that total
osmolarity and not simply perchlorate concentration will be a bottleneck for many Mars analogs
in RSL.

Conclusions
I propose the saltpan, a high salinity wetland naturally adapted to dramatic variability in
hydration state, as an analog environment for putative recurring slope lineae that have been
observed seasonally near the present-day Mars equator. If such RSL have a hydrologic
component, variable water availability in brines will be an important barrier to the persistence of
microorganisms. I have demonstrated sustained viability of a mixed archaeal and bacterial
community when exposed to Mars analog conditions for a period of 63 days and observed a
taxonomic shift toward a composition with known adaptation to extremes of desiccation,
radiation, salinity, and temperature. However, growth and sequence reads declined significantly
in microcosms treated with moderate concentrations of chloride and perchlorate salts relative to
low salinity treatment, revealing no benefit of liquid water retention at low concentrations under
the experimental conditions. Further microcosm or mesocosm studies of mixed communities
may reveal trends in tolerance to extreme environments that are difficult to detect in natural
systems and difficult to model with individual strains.
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CHAPTER VII
CONCLUSIONS

Microbial community tolerance of high salt environments has important implications for
ecosystem resilience in the face of climate change and for understanding the limits of
environmental habitability. Saltwater intrusion into formerly freshwater coastal regimes threatens
to destabilize the wetland microbiome, potentially altering carbon storage, greenhouse gas
production, and nutrient cycling (Craft et al., 2009, Craft 2012). More frequent and more intense
tropical cyclones threaten to alter coastlines as a result of climate warming, accelerating marsh
migration due to sea level rise (Howes et al., 2010). Hypersaline wetlands, with salinity higher
than ocean water, contain unusual microbiota that may offer insights into the upper limits of
broad prokaryotic salt tolerance and which can be used as analogs for putative life in unexplored
areas of Earth and beyond (Weingarten et al., 2020). In this dissertation, 16S metagenomic
sequencing was used to characterize the Archaeal and Bacterial communities of wetlands across
their full salinity range to better understand how they will respond to saltwater intrusion and
predict the composition of high salt aquatic environments that will likely expand due to climate
change on Earth and which may exist on other planets in our solar system (Figure 44). Direct and
inferred functional characterization of sediment activity complemented community descriptions
as an attempt to correlate microbiome compositional change with changes in ecosystem-scale
processes. The approach taken is spatially and temporally scalable and the same methods can be
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applied to characterize sediment communities from most any environment.
As a result of sea level rise, saltmarshes are projected to migrate landward, overtaking
freshwater marsh with finite habitat suitable for marsh establishment (Spencer et al., 2016). At
both regional and local scales, I was able to demonstrate that marsh salinity was the
overwhelming physicochemical factor influencing sediment microbial composition; more
influential than water pH, temperature, the overlying plant community, or spatial distance alone.
This strongly implies that the transition of fresh, intermediate, and brackish marsh types to
saltmarsh will significantly change the dominant bacterial species present. Importantly, the
greatest difference was observed between fresh marsh and intermediate marsh, only a small
salinity difference (∆=0.5-5 ppt) compared to the difference between intermediate and saltmarsh
(∆>18 ppt), which had comparably less community dissimilarity. Thus, low magnitude saltwater
intrusion into pure fresh marsh may have a greater impact on wetland microbiota than inundation
at the sea level rise frontier where saltmarsh overtakes brackish marsh.
The results obtained from in situ comparisons of freshwater and saltmarsh were
repeatable in laboratory microcosms where artificial exposure of fresh marsh sediment to
elevated salinity shifted community structure proportionally to the amount of salt added.
However, the transitional communities that resulted did not closely reflect the composition of
intermediate salinity wetlands observed in situ, suggesting that marsh transition may not
necessarily reciprocate current gradients in microbiome structure observed between extant
wetland types. Saltwater introduction had a much stronger effect on microcosm communities
than amendment with nitrate and phosphate, even at levels much greater than typical
eutrophication, further demonstrating the importance of salinity in coastal wetlands.
Both studies of saltwater intrusion in wetlands showed that the activities of enzymes
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responsible for decomposition were negatively correlated with salinity. Decreased organic matter
degradation is correlated with vertical building of sediment, potentially allowing marshes to keep
pace with sea level rise (Craft, 2012). However, greater carbon storage in saltwater rather than
freshwater wetlands supports outside evidence that total wetland area may actually expand over
the next century, but with gains disproportionately made to saline wetlands (Kirwan et al., 2016,
Schuerch et al., 2018). The prevalence of methanogenic taxa also decreased with increasing
salinity, which would aid in wetlands remaining net carbon sinks (Chambers et al., 2013, Qu et
al., 2019). The finding that saltwater intrusion alters both microbiome composition and function
magnifies the importance of saltmarsh biogeochemistry which will increasingly predict coastal
wetland coverage, carbon storage, and eutrophication.
Increased tropical storm activity may also affect wetland conversion, eroding freshwater
sediment at higher rates than saltmarsh sediment (Howes et al., 2010). It has been suggested that
storm damage may lead to regime shifts, converting fresh marsh to saltmarsh in one event rather
than through gradual sea level rise (Armitage et al., 2019, Osland et al., 2020). I observed the
effects of storm floods in fresh marsh sediment and found that outside of the central cone of
storms, without severe wind and tidal action, flooding at the storm margins was insufficient to
cause a lasting change in microbial composition or activity. This also revealed a confounding
factor of increased freshwater input from rainfall, with some storms showing no salinity
elevation at all as storm surge was diluted by increased river discharge. I propose that outside the
narrow path of the tropical cyclone eye, coastal flooding alone is unlikely to accelerate marsh
migration, though more data is needed on direct landfall where physical shearing may severely
affect sediment stability.
Periodic coastal flooding does lead to the formation of the unusual saltpan wetland,
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bringing sea water into inland marsh where salt precipitates into crusts as floodwater retreats
over repeated, seasonal cycles (Lowenstein et al., 1985). I demonstrated that these wetlands
differ strongly from all other tidal marsh types, containing halophilic taxa which are otherwise
rare components of other sediment microbiomes (Weingarten et al., 2020). Life in hypersaline
brines has recently come under increased scrutiny with the discovery of potential groundwater on
Mars which would depend on high concentrations of chloride and perchlorate salt to remain
stable (Navarro‐González et al., 2010, Nuding et al., 2014). I inoculated microbial communities
taken from saltpans on Mars analog soil and demonstrated their survival under Mars-relevant
conditions of desiccation and temperature. Although perchlorate exposure severely restricted
community viability, the amplification of previously rare taxa adapted to such conditions over
the duration of the experiment shows that adaptation to simulated conditions of present-day Mars
is theoretically possible, one of the first community approaches to support evidence of Mars
habitability inferred previously from a small number of isolated species (Laye & DasSarma,
2018, Billi et al., 2021).
I have demonstrated that salinity differences between wetland types are a critical driver
of microbiome composition and activity. Coastal salinity elevation and variability are expected
to increase as a result of climate change, and understanding the effects of salinization on
sediment microbiota will be important for predicting future land cover and nutrient cycling. The
importance of salt in retaining water in the most desiccated environments on Earth and elsewhere
in the solar system is invigorating interest in astrobiology and understanding the limits of
environmental habitability. I offer a new astrobiological analog for hydrology, a critical factor
for habitability rarely considered. This dissertation demonstrates that microbial community
responses to salinity are important to understanding the coming effects of climate change and to
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predicting the limits of hydration and osmolarity which can sustain microbial activity.
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